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Abstract 
 
Nanofibers or nanowebs produced by electrospinning have several 
prominent properties such as high surface area to volume ratio, high porosity and 
pore size in nanorange. As the porosity of electrospun nanoweb is more than 90%, 
they are candidates for air filters and liquid filtration membranes. However, the 
application of electrospun nanofibers membranes has yet to make breakthrough in 
other avenues of separation than air filtration, especially in pressure-driven liquid 
separations, such as ultrafiltration (UF) or nanofiltration (NF). 
In this project, the preparation of polyethersulfone (PES) membranes by 
electrospinning was studied. The influence of processing parameters, i.e., polymer 
concentration, applied voltage, flow rate, spinneret-to-collector distance, relative 
humidity, were investigated. The treatment of the proto-membrane formed by 
immersion in an aqueous coagulation bath was also studied. More comprehensive 
characterizations of the nanofiber membranes, including fiber diameter, pore size, 
porosity, thickness, basic weight and tensile strength as well as air and water 
permeability were investigated. Thereby, we expect that this work will open up the 
avenue toward the use of nanofibers for very important applications of separation 
technology. Of particular interest are membranes in water purification, e.g., pre-
filters to minimize contaminations and fouling prior to ultra- or nano-filtration. 
PES (Ultrason 6020P) was dissolved in N-methyl-2-pyrrolidone (NMP) at 
concentrations of 9%, 15%, 22%. The polymer solution was electrospun under 
processing conditions i.e., a spinneret-to-collector distance of 10 cm, an applied 
voltage of 30 kV, a flow rate of 20 µL/min, and a spinneret diameter of 0.8 mm, 
stationary substrate set-up, aluminum foil and PET nonwoven served as the 
substrate. The first results showed that the 22% PES solution can be electrospun into 
well-defined nanofiber. The overall morphology of the membranes obtained is 
changed from a fiber network into spherical particles connected by fibers with the 
decrease of the polymer concentration in the solution used for electrospinning. The 
properties of nanofiber can be measured on aluminum foil or PET nonwoven as 
substrate. Image analyses gave a mean fiber diameter of 489 ± 142 nm but under 
stationary spinning conditions that leads to a 3 dimensional fiber web on the 
substrate.  
When the 22% PES solution was electrospun membrane using a moving 
substrate under processing conditions i.e., applied voltage of 18 kV, a spinneret-to-
collector distance of 10 cm, a flow rate of 20 µL/min, a spinneret diameter of 0.8 
mm, a speed of substrates moving of 2.2 cm/min, 65% RH and served the PET 
nonwoven as substrate, yielded a more planar and homogeneous membrane. The 
thickness of membrane was 200 µm. The image analyses gave a mean fiber diameter 
of 800 nm. However, the proto-membrane which had been treated by immersion 
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into the water bath lead to a pronounced porosity on the nanofiber surface which 
will be useful, for instance, for increasing binding capacity to the fiber surface.  In 
addition, the membranes which had been electrospun under processing condition at 
high humidity resulted in irregular fiber formation. 
All test results for membranes showed that the fiber diameter and 
membrane structure and, consequently, membranes properties were clearly 
affected by applied voltage and spinneret-to-collector distance. The electrospun 
membrane was prepared by an applied voltage 18 kV at distance spinneret-to-
collector of 10 cm, a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a 
speed of substrates moving of 2.2 cm/min, 65% RH and served the PET nonwoven as 
substrate exhibited the pore size of 1.8 µm, the porosity of 93% and basic weight of 
0.169 mg/cm2. All membranes showed similar and high contact angle. The 
electrospun membranes prepared by applying higher voltage have lower flux than 
membranes prepared with lower voltage. The electrospun membranes which were 
prepared by increasing distance between spinneret-to-collector (kept other 
conditions) exhibited high water flux and clear correlation between structure and 
performance that decreasing of mean pore size leads to decreasing water flux of 
electrospun membranes. However the results suggested that PES electrospun 
nanofiber membranes are excellent materials for high water flux MF applications.  
Regarding nitrogen gas flow through electrospun membranes, the 
membranes which were prepared by increasing applied voltage showed decreasing 
gas permeability. Moreover with the DEHS aerosol, with particles size of 400 - 1000 
nm, filtration performance of electrospun nanofiber web was much greater than 
that of the 4 layers commercial nonwoven (Novatexx 2429) with pore size of 8 μm. 
This result clearly demonstrated the potential of electrospun nanofiber in the 
development of filter material against aerosol nanoparticles. 
The filtrate fluxes of commercial membrane (Membrana MicroPES; pore size 
1 μm) was much smaller than the filtrate fluxes of PES electrospun membrane with 
pore size ranging between 1.7 - 4.5 μm. Overall, PES electrospun membrane showed 
greater water flux than commercial membrane both before and after separation of 
silica nanoparticles (size 35 nm). The water flux before separation of all membrane 
was higher than after silica nanoparticles separation. The PES electrospun 
membranes had higher particles rejection than PES commercial membrane. Besides, 
the rejection of electrospun membranes was well above 90%, while commercial 
membrane rejected the nanoparticles by only 85% in the beginning of the filtration. 
Moreover, the PES electrospun membranes exhibited the rejection above 98% at the 
end of rejection experiment run. Such the results showed, electrospun nanofiber 
PES membranes can be used in various applications such as removal of nano or 
microparticles from waste-water, e.g., pre-filters to minimize contaminations and 
fouling prior to UF or NF. 
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Chapter 1 
Introduction 
  
2 
 
1. Introduction 
1.1. Background and motivation 
 
Ultrafiltration (UF) and microfiltration (MF) membranes have become the 
main focus as promising separation tool in several industrial processes, covering 
fractionation and concentration steps in the food, pharmaceutical and 
biotechnological industries, in pure water production and in water and wastewater 
treatments. Although many methods have been proposed to improve the separation 
performance, the heart of UF and MF processes is the membrane itself. Important 
characteristics for achieving high performance UF and MF are high flux in 
combination with desired selectivity and low fouling. Because of their mechanical 
strength, thermal and chemical stability as well as excellence film forming 
properties, sulfone polymers, e.g., polyethersulfone (PES), have been used very 
often for the fabrication of high performance commercial MF membranes [1-4]. 
Nowadays, electrospinning has become a multipurpose technique which is 
able to generate fibers with diameters ranging from less than 100 nm to several µm 
by creating a continuous filament. The extremely fine electrospun nanofibers make 
them very useful in a wide range of advanced applications, covering the following 
main application areas: selective liquid filtrations, affinity membranes, e.g. for 
recovery of metal ions, tissue engineering scaffolds, sensors, or barrier materials for 
energy storage applications. However, nanofiber membranes produced by 
electrospinning have several prominent properties such as high surface area to 
volume ratio, high porosity and pore size in nanorange. Therefore, electrospun 
nanofibers membranes normally impart high efficiency in filtration at relatively small 
decrease in water or air permeability without any permanent fouling. As the 
porosity of electrospun nanowebs is more than 90%, they are candidates for air 
filters and liquid filtration membranes. Moreover, the application of electrospun 
nanofibers membranes has yet to make breakthrough in other avenues of 
separation than airfiltration, especially in pressure-driven liquid separations, such as 
ultrafiltration (UF) and nanofiltration (NF) [5-8]. 
Thus, in this study, the preparation of polyethersulfone (PES) membranes by 
electrospinning technique was studied and nanofiber membranes were produced in 
order to compare the properties and performance with commercial MF membranes. 
The influence of processing parameter and the treatment of the proto-membrane 
formed by electrospinning under different conditions were investigated. Thereby, 
we expect that this work will open up the avenue toward the use of nanofibers for 
very important applications of separation technology. Of particular interest are 
membranes in water purification, e.g., pre-filters to minimize contaminations and 
fouling prior to UF or NF. 
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1.2 Objectives of the research 
 
The objectives of this research are: 
 
1.2.1 To establish and optimize the preparation of nanofiber and electrospun 
membranes. 
 
1.2.2 To investigate the influence of polymer concentration, electrical potential, 
spinneret-to-collector distance, relative humidity in electrospinning process on the 
resulting membrane properties and performance. 
1.2.3 To study the treatment of the proto-membrane formed by electrospinning 
under different conditions, i.e., drying at controlled relative humidity and 
temperature or immersion in an aqueous coagulation bath. 
1.2.4 To test and characterize electrospun membrane properties and separation 
performances in air and water filtration. 
 
1.3 Scope of the thesis 
 
The structure of this Ph.D. thesis consists of 5 chapters including: 
Chapter 1 – Introduction 
Chapter 2 – Theory and literature review: including the brief contents regarding 
electrospinning technique and the influence of parameters in process and 
application of electrospun nonafiber. However, this chapter will be focused on 
filtration application area. 
Chapter 3 – Experimental: the experimental part of the study including preparation 
of electrospun nanofiber membranes and characterization the properties and 
performance of electrospun membranes. 
Chapter 4 – Results and discussion: this chapter mainly deals with the results of the 
optimization of the electrospun nanofiber membranes including the influence of 
various parameters in electrospinning process on the resulting membrane properties 
and performance as well as the results of the characterization the properties and 
performance of electrospun membranes. 
Chapter 5 – Conclusions and outlook: the results of this study will be summarized. 
Furthermore, the outlook of the current Ph.D. study is to modify the PES nanofiber 
membranes surface by macromolecular additives to the electrospinning solution. 
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Chapter 2 
Theory and Literature Review 
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2. Theory and literature review 
2.1 Electrospinning process background 
 
Electrospinning process can produce the diameter of polymeric fibers from 
micrometer (10-100 µm) to sub-microns or nanometer (0.01 - 0.1 µm). That led to 
create some special characteristics such as high surface area to volume ratio (as 
large as 103 times of microfiber), high porosity and pore size in nanorange. The 
extremely fine electrospun nanofibers make them very useful in a wide range of 
advanced applications, covering the following main application areas: selective 
liquid filtrations, affinity membranes, e.g. for recovery of metal ions, tissue 
engineering scaffolds, sensors, or barrier materials for energy storage applications. 
Figure 2.1 shows electrospun nanofiber compared to a normal human hair and 
Figure 2.2 shows electrospun PES nanofiber compared to PET conventional 
microfibers. 
 
 
Figure 2.1 Size comparisons of TiO2/PVP nanofibers and a normal human hair [9]. 
 
 
 
A 
B 
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Figure 2.2 Electrospun PES nanofibers compared to PET microfiber [result of 
experiment during this Ph.D. project]. 
 
The basic electrospinning instruments include of a power supply, a spinneret 
or needle of small diameter, an electrode collector and a capillary tube for polymer 
as presented in Figure 2.3  
 
 
Figure 2.3 Schematic view of electrospinning instrument. 
 
In the electrospinning process a high voltage power supply is used in order to 
create an electric field between a polymer solution held by its surface tension at the 
end of a capillary tube and an electrode collector. A charge is induced on the surface 
of the polymer solution by electric field. As the intensity of the electric field 
increases, the hemispherical surface of the solution at the tip of the capillary tube 
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elongates to form a conical shape known as Taylor cone. When the electric field 
increases and reaches a critical value at which the repulsive electric force overcomes 
the surface tension force, a charged jet of the solution is ejected from the tip of the 
cone, as the jet flies in air, its diameter decreases as a result of the stretching and 
solvent evaporation, resulting in a nonwoven web of randomly oriented fibers with 
diameters on the nanometer scale [10-19]. 
 
(a)                    (b) 
 
Figure 2.4 The development of the cone-jet in electrospinning, (a) photograph of 
polyvinyl alcohol solution showing a fiber being electrospun from a Taylor cone [12], 
(b) the evolution of the shape of a meniscus of polyethylene oxide–water solution 
under an electric field [18]. The meniscus is first transformed to a conical shape by 
the applied electric potential (b.1, b.2). The rounded tip then becomes sharper (b.3), 
and a jet is finally emitted from the tip of the cone (b.4). Then, the shape of the cone 
was changed back to a new, stable rounded shape (b.5), which persists as long as the 
solution carried away by the jet is replaced by fluid flowing into the meniscus (b.6). 
 
2.2 Influence of parameters in electrospinning process 
 
The polymer is generally processed in the molten state at temperatures 30 – 
50 °C above the melting point and the most thermoplastics have low melting 
temperatures (100 – 200 °C). Basically, the polymer is heated to the melt state by 
the screw extruder and then shaped under high pressure and finally cooled down to 
room temperature (below Tg or Tm) to preserve its shape. In addition, the melt 
viscosity is an important factor in polymer processing [13]. 
An alternative is electrospinning of polymer solutions. For electrospinning 
process, many parameters (e.g., polymer solution, electrical potential, distance 
between spinneret and collector, humidity and temperature) can influence to 
properties and performance of electrospun nanofiber. It is possible to create 
nanofibers with different morphology, pore size, thickness and etc. by varying these 
1 2 3 
4 5 6 
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parameters. The influences of parameters in electrospinning process on the fiber 
morphology are summarized in Table 2.1. 
 
Table 2.1 Influences of parameters in electrospinning process on the fiber 
morphology [18-44,102]. 
Parameter Effect on fiber morphology 
 
Viscosity 
(polymer solution) ↑ 
Fiber diameter ↑ (from beads to beaded 
fibers to smooth fibers) 
 
Surface tension ↑  Number of beaded fibers and beads ↑ 
 
Solution conductivity ↑ Fibers diameter ↓ 
 
Evaporation of solvents↑ Fibers exhibit microtexture (pores on 
fiber surfaces) 
 
Applied voltage ↑ Fiber diameter ↓ initially, then  fiber 
diameter↑ (not monotonic) 
 
Spinneret to collector 
distance ↑ 
Fiber diameter ↓ (beaded morphologies 
occur if the distance between the 
capillary and collector is too short 
 
Humidity ↑ 
 
 
Fiber diameter ↓ (pores on fiber 
surfaces), then fiber diameter ↑ 
Flow rate ↑  
 
Fiber diameter ↑  (beaded morphologies 
occur if the flow rate is too high) 
 
 
2.2.1 Electrospinning from polymer solution 
2.2.1.1 Polymer concentration 
 
Generally, the molecular weight of the polymer influences the viscosity of 
the solution and when a polymer of a lower molecular weight was dissolved in a 
solvent, its viscosity will be lower than a polymer of a higher molecular weight.  One 
of the conditions necessary for electrospinning to occur where fibers are formed is 
that the solution must consists of polymer of sufficient molecular weight and the 
solution must be of sufficient viscosity [14]. During electrospinning when the jet 
leaves the needle, the polymer solution is stretched as it deposits towards the 
collector plate. However, increasing the polymer concentration led to increasing the 
viscosity of the polymer solution, an increased in the concentration results in greater 
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polymer chain entanglements of the solution that is essential to maintain the 
continuity of the jet during electrospinning [15]. Furthermore, the chain 
entanglement of polymer had a significant impact on whether resultant breaks up 
electrospun beads-fiber form or fibers with small droplets [15,16]. Besides, 
increasing viscosity of polymer solution at too high values, it will make  difficult to 
pump the solution through the capillary tube as well as the polymer solution will dry 
at the tip of the needle before begin electrospinning process [15,17]. 
In the literatures, there are several experiments that have shown that the 
viscosity of solution at a low values led to beads or spherical particles connected by 
fiber. Whereas, increasing the viscosity of polymer solution led to the shape of the 
beads change from spherical to spindle-like until well-defined nanofiber is achieved 
[18 – 26,31].  
Figure 2.5 shows SEM images of polyurethane fibrous membranes which 
were electrospun from 6 %, 8 % and 10% (w/v) solution in tetrahydrofuran (THF) and 
N,N-dimethyl formamide (DMF). 
 
 
 
Figure 2.5 SEM images of polyurethane fibrous membranes which  were electrospun 
from (a) 6 %, (b) 8 % and (c) 10% (w/v) solution in tetrahydrofuran (THF) and N,N-
dimethyl formamide (DMF) [21]. 
 
The results from their study showed that at PU concentration of 6% (w/v), 
morphology of membrane resulted a bead-on-string with several big beads. At PU 
a b 
c 
10 
 
concentration of 8%, the shape of the beads became spindle like and the fibers were 
smooth and homogeneous without beads in fiber. Nevertheless, when PU 
concentration increased from 8% to 10% (w/v), the electrospun membrane became 
thicker and resulted a film-like structural as shown in Figure 2.4 [21]. Furthermore, 
the electrospinning solution parameter affects to the diameter of nanofiber as well. 
When the viscosity increased with increasing of polymer concentration led to the 
average fiber diameter increased. Therefore, the viscosity of polymer solution was 
the main factor affecting the average diameter of nanofibers as well as the 
formation of fiber [21,25 - 28]. 
Tang et al. [24] have investigated the influence of polyethersulfone 
concentration in electrospinning as PES was dissolved in a mixture of DMF and NMP. 
Thereafter, the 18% and 20% PES solutions was electrospun by using condition 
electrospinning, i.e., voltage of 30 kV, distance between spinneret and rotating drum 
collector of 10.5 cm. The result indicated that when the PES concentration increased 
from 18% to 20%, the average of fiber diameter increased   from 134 nm to 183 nm, 
respectively. 
 
2.2.1.2 Surface tension 
 
 In electrospinning, the charges on the polymer solution must be high enough 
to overcome the surface tension of the solution. As the solution jet accelerates from 
the tip of the source to the collector, the solution is stretched while surface tension 
of the solution may cause the solution to breakup into droplets [15]. However, some 
solvent such as ethanol was a low surface tension thus it can be added to promote 
the formation of good fiber geometry [19]. Another way is to add surfactant, which 
is a powder, to the polymer solution. The polymer solution was added the powder 
surfactant resulted more uniform nanofiber and the diameter of fibers are also 
improved [19,29]. 
 
2.2.1.3 Polymer solution conductivity 
 
The polymer solution conductivity determines the charge carrying capacity in 
a jet and thus influences the tensile forces exerted on the jet by the electric field. A 
higher stresses on the jet induced by higher conductivities generally result in 
reduced fiber diameters. The increased amount of charge forces the jet to elongate 
as a consequence of columbic repulsion. These forces act against surface tension, 
hence suppressing the Rayleigh instability favoring formation of non-beaded fibers. 
Salt additives in electrospinning solutions create migrating ions in solution that 
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transport charges and on tribute to higher conductivities [17,31]. Zong et al. [17] 
investigated also the effect of ions by adding ionic salt on the morphology and 
diameter of electrospun fibers. The results shown that PDLA fibers with adding ionic 
salts, here KH2PO4, NaH2PO4, and NaCl, produced beadless fibers and the diameter 
of fiber was ranging from 200 to 1000 nm. While, Baumgarten et al.[30] found that 
the jet radius varied inversely as the cube root of the electrical conductivity of the 
solution. 
 
2.2.1.4 Evaporation of solvents 
 
 During elctrospinning process, when most of the solvent has evaporated 
before the jet reaches the collector, thereafter, the fibers or nanofiber webs are 
formed. However, if the rate of evaporation of the solvent is too low, the fibers may 
not be formed and a thin film is deposited on the collector. Nevertheless, the 
evaporation rate of a solvent depend on several factors such as vapor pressure, 
specific heat, surface tension of liquid, air movement over the liquid surface etc. 
Megelski et al. [31] demonstrated the structure of electrospun fibers with respect to 
the physical properties of mixed solvents. They found that influence of vapor 
pressure was pronounced when PS fibers were electrospun with different THF/DMF 
combinations, resulted in nanostructure morphology at high solvent evaporation 
and microstructure morphology at lower solvent evaporation. Lee et al. [32] studied 
the effect of the solvent ratio on the morphology and fiber diameter of electrospun 
PVC fibers. The results indicated that average fiber diameters decreased with an 
increase in the amount of DMF in the THF/DMF mixed solvent. While, Bognitzki et al. 
[33] found that the use of highly evaporation solvents such a dichloromethane 
resulted in PLLA fibers with average diameter of 250 nm. 
 
2.2.1.5 Flow rate 
 
An important parameter in electrospinning process is the flow rate of the 
polymer from the syringe that affects the polymer solution transfer rate and the 
evaporation of the jet. For the preparation of PS fibers, Megelski et al. [31] found 
that the mean pore size and the fiber diameter increased with an increase in the 
polymer flow rate. When the flow rate more increased from 20 to 30 µL/min, fibers 
had pronounced beaded morphology and the mean pore size increased from 90 to 
150 nm. 
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2.2.2 Electric field 
 
The electric field (applied voltage) is a parameter of electrospinning 
processing that could influence behavior. In this context, Fridrikh et al. [34] and 
Bahners et al. [35] reported a model for the stretching of a viscous charged fluid in 
an electric field. The model predicts that there is a limiting diameter for the fluid jet, 
which arises from a force balance between surface tension and electrostatic charge 
repulsion. Charge separation in the polymer and acceleration is induced by the force 
[35]; 
 
                                    (2.1) 
 
Where  F is the force 
  q is the charge 
  E is the electric field strength 
 
Figure 2.6 Conventional electrical setup for electrospinning as, (a) reported by  
Fridrikh et al. [34] and (b) modified setup for more homogeneous field geometry as 
studied by Bahners et al. [35]. 
 
In order to estimate the charge separation force in the case of the tip-
collector-geometry, as show in Figure 2.6(a), one needs to calculate the local field 
strength E1 at the surface of a droplet of polymer solution at the capillary tip.  
 
 r1 
r2 
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                                                       (2.2) 
 
In general,   σ(x,y,z)  is a charge distribution 
  r   is  effects in a distance  
                                                     is the permittivity 
If a point charge is assumed in the center of the spherical droplet at the 
capillary, 
 
         
 
       
                               (2.3) 
 
Where  Q  is the total charge  
   r  is the distance from the tip 
 
Hence, the field E1 is very large near the tip, i.e. r ----> 0. In the actual 
experiment, a droplet of radius rd will form at the capillary. The radius rd depends on 
the diameter of the capillary (radius rc), the surface tension and the flow of the 
solution. The flow is often driven by gravitation force. If a droplet of a radius rd = rc is 
assumed in a first approximation, the field E1 at the surface of the droplet can be 
estimate to, 
 
          
 
   
    
 
                               (2.4) 
 
In order to calculate the total charge, one has to consider the field at the 
counter electrode. For the plate geometry, Bahners et al. [35] explained that the 
field can be assumed to be near homogeneous, i.e., 
 
    
 
     
                                                                                                                    (2.5) 
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At the plate, respectively, A2 denotes the area of the plate of the plate, i.e. 
       
   for a disc electrode of radius r2. If the distance d between capillary tip 
and plate is large compared to the disc diameter and V is the voltage, E2 is given by 
V/d and  
 
          
  
 
                                (2.6) 
 
Using eq. (2.4) and eq. (2.6), the field strength at the surface of the droplet 
can be estimated to 
 
           
 
  
 
  
  
    
  
  
 
 
 
                                                                                                    (2.7)   
 
Obviously, E1 will be very large for fine capillaries and the electric field 
strongly inhomogeneous. This can be visualized in a graphical presentation of the 
distribution of the electric potential V (r) = dE (r) / dr shown in Figure 2.7. 
 
 
Figure 2.7 (a) Distribution of the electrical potential in tip-collector-geometry  and 
(b) tip-collector-geometry with additional disc electrode around the capillary tip 
[35]. 
 
One way to reduce E1 and the resulting force is to increase the size of the 
capillary or the size of the droplet by increasing flow rate and/or by decreasing the 
surface tension of the solution [33]. 
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In order to discuss a collector-collector-geometry, the circular collector 
electrodes with radii r1 and r2 were considered. The capillary is positioned in the 
center of one of the collector, as shown in Figure 2.7 (b). Neglecting boundary 
effects, the field E1 at the capillary opening in collector 1 can be approximated with 
an expression similar to eq. (2.5) giving 
 
            
  
  
    
  
  
 
 
 
                                                                                                        (2.8) 
 
According to eqs. (2.7) and (2.8), E’1 is smaller than E1 by a factor  
  
  
  
    
  
  
  . The reduced inhomogenity of the field is accordingly mirrored in the 
distribution of the potential of the electric potential V(r) = dE (r) / dr (Figure 2.6b). 
For disc electrode of identical diameter as investigated by Fridrikh et al. [32], i.e. r2 = 
r1, the field is completely homogeneous. It is increasingly inhomogeneous with 
decreasing radius ratio r2/r1 . 
In addition, Bahners et al. [35] have been investigated the effect of the field 
geometry to fiber diameter of polycaprolactone nanofibers by using a setup model 
in Figure 2.5 (a) and (b). A first electrospinning experiments was set by using the tip-
collector-geometry and a 0.45 mm capillary was used in the process. The counter 
electrode was a disc with a diameter of 60 mm. The results showed that  fiber 
diameter of 350 nm were obtained with a concentration of 14%, an applied voltage 
of 14 kV and a distance (d) of approximately 16 cm, i.e. E2 = 0.875 kV/cm (cf. eq. 
2.5). In case of a droplet of the polymer solution of a diameter equal to the capillary 
size is assumed, eq. 2.5 gives field strength at the surface of the droplet of 
approximately 15,000 kV/cm. Using these experimental parameter was employed 
for the plate-plate-setup (cf. Figure 2.6 (b)). Around the capillary, disc electrodes of 
various diameters were employed, which ranged from 20-60 mm and diameter of 
the counter electrode was 66 mm. The morphology presented very fine fiber with 
the modified field geometry. Due to the more homogeneous electric field near the 
capillary tip, a constant flow without sudden breakage is obtained. As a 
consequence, the fiber diameter is nearly constant over great lengths. However, the 
optimum diameter of the disc electrode turned out to be 20 mm and the 
experimental parameters were varied for optimization. The best results were 
obtained with a concentration of 6% PCL in methylene chloride, at 20 kV and a 
distance of 15 cm from capillary tip to counter electrode. Neglecting boundary 
effect, the field at the capillary is only E1 = 12 kV/cm in this case.   
 
16 
 
 
Figure 2.8 Optical micrographs of electrospun PCL fibers. Spinning condition were: 
13% PCL in methylenchoride, 16 kV and 19 cm distance from capillary tip to counter 
electrode. (a) tip-plate-geometry and (b) with additional disc electrode around the 
capillary tip [35]. 
 
Generally, at applied voltage of more than 6 kV, the solution drop at the tip 
of the needle can be changed to become deformed into the Taylor Cone shape [36]. 
Increasing electric charge will cause the jet to accelerate faster and more volume of 
solution will be drawn from the tip of needle. This may yield in smaller Taylor cone 
shape [37].  Most results indicated that high voltage lead to greater stretching of the 
polymer solution due to the stronger electric field. These have the effect of 
decreasing the diameter of fiber [14,31,38-40]. Figure 2.9 shows SEM images and 
fiber size distribution of electrospun Nylon 6,6 fiber produced at various applied 
voltage. As clearly seen in Figure 2.8, when Nylon 6,6 was electrospun under 
processing condition with an applied voltage of 20 kV, the fiber size distribution 
peak existed in 400 nm. In the case of 30 kV, the number of fibers smaller than the 
peak size was increased even though the peak was located at the same range with 
that of the case of 20 kV. On the other hand, when applied voltage increasing to 50 
kV, finer fibers was obtained and the peak fiber diameter was in 300 nm [39]. This 
result is in line with the explanation of Megelski et al. [31], who have been 
investigated the voltage dependence on the fiber diameter using polystyrene (PS). 
The fiber diameter of PS  increased from about 10 μm to 20 μm with a decrease in 
voltage from 12 kV to 5 kV. 
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Figure 2.9 SEM images and fiber size distribution of electrospun Nylon 6,6 fiber 
produced at various applied voltage: ( a) 20 kV, (b) 30 kV, (c) 50 kV [39]. 
 
2.2.3 Tip-to-collector distance 
 
The tip-to-collector distance affected the structure and morphology of 
electrospun fibers because of their complementing on the deposition time, 
evaporation rate of polymer solution and the electric field strength. For fibers to 
form, the electrospinning jet must have enough time for the evaporation of the 
solvent in polymer solution. When the distance between tip and collector was 
decreased, the jet will have a shorter distance to travel before it reaches the 
collector plate as well as the electric field strength was increased (cf. 2.2.2). Buchko 
et al.[14] have been investigated the influence of variations in the distance between 
the tip and the collector plate to the morphology of Nylon 6,6 electrospun fibers. 
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However, decreasing the distance between tip and collector has the similar 
influence as increasing the applied voltage in process and led to increasing electric 
field strength as well. Megelski et al. [31] noted that bead formation in electrospun 
PS fibers decreased with increasing the tip to collector distance, while the ribbon 
shaped morphology would be maintained, when the tip to collector distance was 
decreased. Furthermore, Zhang et al. [26] found that when chitosan/PVA was 
electrospun at distance between tip and collector of 10 cm, the average diameter of 
fibers was 114 ± 35 nm. While with distance between tip and collector of 15 cm, the 
amount of beads decreased and the image analyze gave the average diameter of 
fiber of 99 ± 21 nm. Thereby, increasing the distance in electrospinning process 
resulted in a decrease of the average fiber diameter. Nevertheless, when the 
distance was too large resulted ribbon shaped morphology or no fibers deposit on 
the collector [41]. That is due to the electrostatic field strength in process is too low. 
 
2.2.4 Humidity 
 
The humidity of the electrospinning environment has an influence in the 
polymer solution during electrospinning. At higher humidity leads to more water 
molecules are between the tip and collector.  These molecules will increase the 
conductivity of this region, therefore, changing the properties of the electric field 
strength in electrospinning process due to the polarization of water molecules 
[24,42]. Hence, the electrospun fiber became thick-diameter due to lose electric 
field strength and smaller draw-down force at higher humidity [24,43]. Tang et al. 
[24] investigated influence of relative humidity in electrospinning of PES to the 
average diameter of fiber and the adhesion strength. They found that high humidity 
led to large fibers as the fiber diameter increased from 266 nm (45% RH) to 492 nm 
(70% RH) (cf. Figure 2.10) and humidity also affected to the adhesion strength of PES 
nanofibers membrane and nonwoven substrate. At low humidity (<45%), the PES 
membrane – nonwoven adhesion was low (2.6 psi) and when the humidity was 
increased to 50%, the PES membrane – nonwoven adhesion increased to 40.5 psi. In 
case of acrylic nanofibers, Baumgarten [44] noted that acrylic fibers electrospun in 
an atmosphere of more than 60% relative humidity and resulted to ribbon shaped 
morphology.  
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Figure 2.10 SEM image and  nanofiber diameter distribution of electrospun 
nanofibers of PES/DMF/NMP solution at different relative humidity; a) 45% RH, 
mean diameter 266 nm, b) 50% RH, mean diameter 349 nm and  c) 60% RH, mean 
diameter 382 nm [24]. 
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2.3 Application of electrospun nanofibers 
 
 The electrospun nanofiber webs have several prominent properties such as 
high surface area to volume ratio, high porosity and pore size in nanorange. These 
make them very useful in a wide range of applications, covering the following main 
application areas, as present in Figure 2.11, such as tissue engineering scaffolds, 
wound healing, release control, sensor, affinity membrane and recovery of metal 
ions and the most important ones is filtration applications [45-48], However, this 
thesis will focus on the researches of filtration application. 
 
 
Figure 2.11 Main applications of electrospun nanofiber: (a) oil filtration [49], (b) air 
filtration [50], (c) sensor [51], (d) wound healing [53] and (e) tissue engineering 
scaffolds [54]. 
 
2.3.1 Filter structure and function 
 
Filter media can be classified as depth filters, surface filters of adsorptive 
filters. The depth filter consists of a fibers web with a wide pore size distribution and 
a very open three-dimensional structure. Larger particles become trapped within the 
tortuous path created by the maze of fiber. As particles become lodged within the 
Electrospun nanofibers 
a 
b 
c 
d 
e 
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depth filters structure, the openings or channels become narrower and begin to trap 
finer and finer particles. Depth filters become more efficient as particles are trapped 
within its structure. Moreover, depth filters have high dirt holding capacities, 
nominal efficiencies, low initial pressure drops and long life. Compared to surface 
filter, it consists of a non-woven with a two-dimensional structure and a uniform or 
narrow pore size distribution will generally form a filter cake on its surface. As the 
cake forms it performs the majority of the mechanical filtration. As more and more 
solids are loaded on the surface of the filter, the pressure drop increases and the 
filter becomes more efficiency [55,56]. 
 
(a)                                (b) 
 
Figure 2.12 The cartoon shows an example for the combination of depth and surface 
filtration, the large particle are separated via surface filtration in both cases. 
Differences are seen for the smallest particles which are trapped (partially) in the 
depth (a)  and completely on the surface (b) [57]. 
 
In general, textile fabrics of varying construction, e.g., woven, knitted, 
nonwovens, pile and combinations thereof, find increasing application in fluid 
filtration on the background of their complex pore system. This characteristic pore 
structure of textile fabrics effect particle separation through different mechanisms, 
so called ‘geometric separation’ and ‘impact separation’. In addition, the rather 
open geometry of a textile allows for high flow rates. Accordingly, the use of a textile 
offers various means to ‘tune’ the separation performance of a filter. Characterized 
by the separation function T(d), which gives the percentage of separated particles of 
a given size d, the separation performance can be affected by the choice of fabric 
construction (yarn geometry, fineness, weave etc.), by combination of fabrics of 
similar of differing geometry as well as the flow direction [62,63]. 
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For nanofibers filter, the mechanisms of particles removal are captured by 
the large particles are blocked on the filter surface due to the sieve effect and the 
particles which are smaller than the surface-pores would penetrate into the 
nanofibers filter, as collected by fibers [5,58]. However, nanofibers web as the 
membranes can improve separation efficiency, low fouling, accompanied by higher 
permeability i.e. lower energy consumption [59-61]. Figure 2.13 presents the SEM 
images of electrospun PAN/PET membrane after filtration by using the 0.20 μm 
particles suspension. Normally, the filtration efficiency is dependent on nanofiber 
physical structure (e.g., thickness, pore size, porosity on surface, fiber diameter, 
etc.), surface chemical characteristic and fiber surface electronic properties. 
Moreover, the filter media efficiency of the applications is evaluated by pressure 
drop and flux resistance as well. 
 
 
Figure 2.13 SEM images of electrospun PAN/PET membrane after filtration by using 
the 0.20 μm particles suspension from (A) surface and (B) cross-section views [58]. 
 
 
Geometric separation refers to the separation of particles lager than the 
textile mesh, i.e. pore size, just because of their physical dimension. A good 
efficiency of the geometric separation effect with, at the same time, low flow 
resistance can be achieved by using a textile fabric with a distribution of pore size or 
the combination of differing fabrics. On the other hand, impact separation is 
affected by the complex flow through the fabric, which forces the medium of gas or 
fluid and the particles to travel around fibers following complex stream lines 
(‘labyrinth effect’). Particle with certain inertia, however markedly smaller than the 
mesh of the textile may leave the stream lines and impact on fiber surface as is 
sketched in Figure 2.13. The determining quantity of this effect is the Stokes number 
(St) of a particle, which is given by 
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                                            (2.9) 
 
In eq. (2.9), where dp and df are the relevant diameters of particle in question 
and the fiber of the textile filter respectively and ρp is the particle density. The µ is 
the air viscosity and U∞ is the undisturbed air velocity. Cm is the so called 
Cunningham correction term, which takes account of gas slip at the particle surface. 
Using assumptions made by Fuchs [64], Pflueger et al. [65] and Bahners et al. [66] 
for practical conditions in air filtration, eq. (2.9) can be written as 
 
           
                                                                                 (2.10) 
 
Where dp and df are in µm. Particle trajectories for different values of St are 
sketched in Figure 2.14 showing that the probability of impact separation increases 
with increasing Stokes number. Obviously this is the case with increasing particle 
diameter, but also with decreasing fiber diameter. 
 
  
Figure 2.14 Particle trajectories around a cylindrical fiber for particle of different 
Stokes number (St). A zero Stokes number denotes the actual stream line of the 
transport [66]. 
 
One important aspect for the efficiency of impact separation is the adhesion 
of an impacted particle on the fiber surface, i.e. the resistance to be taken up by the 
flow of the gaseous of liquid transport medium. The adhesion of a particle is 
x (m) 
    y (m) 
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governed by van der Waals interaction, electrostatic force and H-bonding forces, the 
hierarchy of these interactions varying with medium and particle size [66]. 
Bahners et al. [66,67] reported the effect of impact separation by increasing 
particle adhesion following surface modification, e.g., micro-roughening by means of 
laser treatment. The results of wet filtration efficiency as well as dust separation in 
industrial filter facility showed that particle capture especially in the micron-range 
could be enhanced by the characteristic surface topography, a rather regular roll-like 
structure in the micrometer scale, created by an UV laser treatment of PET fibers. In 
SEM analyses of the filter as shows in Figure 2.15, it was observed that a large 
amount of very fine grain particles was captured, which would normally not be 
captured on the smooth surfaces of commercial filter, which was attributed to very 
high adhesion forces acting in the groves of the roll-like surface structure. 
 
 
Figure 2.15 SEM micrograph of a laser-treated textile filter, PET sieving fabric with 
a mesh opening of 10 µm, after wet filtration process [67]. 
 
2.3.2 Air filtration 
 
Because the nanofibers filtration is pronounced by higher inertial impaction 
and interception than with conventional filtration microfibers, it is offering more 
optimum filtration efficiency. In case of air filtration application, the main reason for 
increasing attention for usability is its very high surface area of the nanofibers 
facilitating adsorption of dust or contaminant from the air [68]. For a commercial air 
filter is produced by Donaldson company (Figure 2.16). 
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Figure 2.16  Commercial air filter is produced by Donaldson company [69]. 
 
Aerosol filtration is most widely applied for sampling and air cleaning. It is 
also utilized in a variety of industries such as air cleaning of smelter effluents, 
processing of nuclear and hazardous materials, respiratory protection and particle 
collection in clean rooms [70-72]. In particular, nanofibers filters have been widely 
used to separate aerosol particles/solid from air flow stream because of their low 
material cost [71], high filtration efficiency, maintaining a relative low resistance to 
the air flow [72], lower energy consumption [73], longer life and easy maintenance 
[74].  
Several studies have investigated the filtration efficiency of electrospun 
nanofiber as filter media and they found that the possible ways to improve filtration 
efficiency are (i) to fabricate fine fiber with diameter down to nano-scale, (ii) to 
produce the multiple thin layer of nanofiber filter and (iii) to control the orientation 
distribution on filter structure [73-78]. Leung et al. [79] reported that under 
continuous loading of sub-micron aerosol, filtration efficiency of nanofiber filter was 
much better than microfiber filtration as well as the pressure drop of nanofiber filter 
rises much faster than microfiber filtration. Polyacrylonitrile (PAN) nanofibers with 
mean diameters in 270 – 400 nm rang were produced by Yun et al. [72] in order to 
compare to commercial filters made of polyolefin fiber and glass fiber. The 
performance of PAN nanofiber filters were tested the penetration of mono-disperse 
NaCl nanoparticles (below 80 nm in size) through the filters. The results showed that 
the penetration of nanoparticles through PAN electrospun filters reduced by 
increasing the diameter of nanofibers as well as decreasing filter thickness. 
However, the penetration of nanoparticles through PAN electrospun filter was in 
better agreement with theoretical predictions than was the measured penetration 
through commercial filters. Recent study by Leung et al. [80] presented that the PAN 
nanofiber filter, with fiber diameter of 98 – 300 nm, have higher efficiency and 
Synthetic nanofibers 
Cellulose fibers 
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quality factor than microfiber filter at clean state. On the other hand, microfiber 
filter, which was much thicker, has higher NaCl nanoparticles holding capacity under 
continuous loading of sub-micron aerosol, as justified from its much lower pressure 
drop increase rate than nanofiber filter. The multi-layer of microfiber filter reduced 
the pressure drop over time compared to a layer of PAN nanofiber.  The novel 
alumina nanofiber for effective removal and retention of Escherichia coli 
bacteriophage (MS2) aerosol was demonstrated by Li et al. [77]. They found that the 
physical removal efficiency of alumina nanofiber was 94.3% with diameter of MS2 
aerosol in the 10 - 400 nm range. While it is viable removal efficiency was 98.8% and 
yielding higher filter efficiency than HEPA commercial filter. However the pressure 
drop of HEPA commercial filter was higher than alumina nanofiber and the viruses 
were effectively retained in the nanofiber filter due to electrostatic attraction. 
Furthermore, the performance of alumina nanofiber was not affected by RH change.  
In order to improve the filtration performance, several recent studies the 
filtration efficiency of multiple layers of nanofiber, Podgorski et al. [73] have  
developed  melt-blown technique for producing nanofiber filter (made by the fibers 
diameter of 300 nm) in order to improve  the filtration efficiency of the most 
penetrating aerosol particles (MPPS)  in fibrous filters and the nanofiber filters and 
commercial filter were measured the pressure drop and efficiency of removal of 
aerosol particles with diameter 10 - 500 nm. Their results confirmed the many-layer 
nanofibers filter combined with a single microfibers backing layer filter have 
significantly increased efficiency at the MMPS and the pressure drop rises 
moderately as compared to conventional microfiber filter. Vaisniene et al. [82] have 
electrospun nanofiber from 8% polyvinyl alcohol (PVA) for gas filtration. Thereafter, 
three types of samples of PP nonwoven material without nanofiber filter, PP 
nonwoven material with different of thickness of nanofiber filter (the mean 
thickness of nanofiber of 250 nm and 300 nm, respectively) were chosen for 
measuring air permeability and gas filtration of cigarette smoke. They reported that 
nonwoven material with different of thickness of nanofiber filter have a lower air 
permeability than without nanofiber filter. A higher fiber diameter of nanofiber 
filaments makes the filter more effective. The PVA nanofiber filter, as for cigarette  
application, was effective for holding organic compound with polar O-H or N-H 
groups, carbonyl group (>C=O) containing compounds, ether (C-O) and compounds 
with C-N bonds. IR spectrum of nonwoven without a PVA nanofiber filter before 
cigarette smoke filtering was similar after filtered. It indicated that those nonwovens 
are not effective with respect to the efficiency of filtration. Zhang et al. [76] 
improved the filtration performance by using multiple thin layers of PAN nanofiber 
mats. The filtration test results showed that the multi-layer nanofiber mat structure 
had a filter efficiency factor much higher than the single thick layer nanofiber mat 
tested under the same conditions. In particular, the sandwiched multi-layer of PAN 
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nanofiber mat exhibited a higher quality than the conventional glass fiber HEPA 
(high efficiency particulate air) filter.  
Effect of face velocity, nanofiber packing density and thickness on filtration 
performance and pressure drop of filters was investigated by Leung et al. [83]. For 
the experimental, they fabricated the nanofiber filters by electrospinning 
polyethylene oxide (PEO) nanofiber (mean fiber diameter of 208 nm) on microfiber 
substrate, thereafter, the nanofiber layer of the same packing density but different 
thickness was designed. The filtration performance of nanofiber filters decreases, 
when face velocity was increased from 5 to 10 cm s-1and the reduction became lager 
at smaller particle size especially for the particles size below 100 nm. However, the 
most penetrating particle size decreased from 140 to 90 nm when nanofiber packing 
density increased from 3.9 to 36 x 10-3 g/cm3. In addition, the effect of nanofiber 
layer thickness has less prominent effect on most penetrating particle size than that 
of nanofiber packing density and the filtration efficiency increases in a decreasing 
rate with respect to pressure drop. It indicated that nanofibers being deposited into 
single layer elevate the pressure drop without improving the filtration performance 
of filters. However, the efficiency of filters and reducing pressure drop can be 
improved by distributing the same amount of nanofibers thinly through stacking up 
multiple filter, called as “multi – layering”. Recently, Pantanaik et al. [74] also 
composited PEO nanofiber mat with a microfiber nonwoven by sandwiching 
structure of filters. They found that the filtration efficiency was decreased and the 
pressure drop was increased after cyclic compression for the PEO nanofiber 
deposited over nonwoven, whereas, changes were not significant in  composite PEO 
nanofiber mat with a microfiber nonwoven  by sandwiching structure. Composite 
PEO nanofiber by sandwiching structure showed high efficiency for long term 
application. Wang et al. [83] combined a microfiber mat with a nanofiber (fiber 
diameter of 150 nm) mat to a micro/nanocomposite fibrous filter structure. The 
microfiber nonwoven used as the nanofiber support and the nanofiber mat acted as 
the collection layer facing the airstream containing aerosols particles and four 
nanofiber mat with different solidities (packing densities) were used in this 
structure. The filtration efficiency of the combined microfiber mat with a nanofiber 
presented close to conventional HEPA or HVAC filters. Besides when collecting the 
aerosol particles of 300 nm resulted to have a better filtration efficiency than those 
conventional filters.  
Alternatively, recent researches [73,84] has also reported an advanced melt-
blown technique for better nanofiber filters production. The main advantages of this 
technique are well-defined fiber structure, higher production rate, lower emission of 
toxic vapor wastes and higher filtration quality at lower basis weight of filters. In one 
recent study by Hassan et al. [84], the polypropylene polymer was fabricated by 
using melt-blown technique. They reported the polypropylene nanofibers with an 
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average fiber diameter in the range of 300 - 500 nm by using melt-blown technique 
were obtained. Thereafter, those nanofiber mats were measured the fiber diameter, 
air permeability and aerosol (dioctylphtalate, the particles diameter range of 10 - 
800 nm) filtration efficiency, respectively. Airflow through nanofibers mats resulted 
much higher air permeability as well as these nanofiber filters exhibited a higher 
quality filtration, at low basic weight, than the commercial fiber glass filter. 
 
2.3.3 Water filtration 
2.3.3.1 Membrane classification 
 
 A membrane is a selective barrier between two phases [85]. Depending on 
the application, different membrane morphologies will be used. Several types of 
membrane separation mechanisms exist. In membrane applications where the 
solution diffusion mechanism plays the major role, the membrane material is chosen 
based on the selective sorption and diffusion properties, membrane morphology will 
be not the main factor to affect the selectivity but it is still important as regarding to 
total flux. A schematic representation of various morphologies is given in Figure 
2.17. 
 
 
Figure 2.17 Schematic representation of different membrane morphologies [85]. 
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 In all the membrane processes, driving force is essential to deliver the energy 
to separate the feed molecules or particles; commonly applied driving force 
differences in pressure, concentration, partial pressure, temperature or electrical 
potential. The most widely used pressure driven processes are generally classified as 
microfiltration (MF), ultrafiltration (UF) and hyperfiltration, which is normally 
subdivided in reverse osmosis (RO) and nanofiltration (NF). Nevertheless, the 
difference between the processes is not always so sharp, as presents in Table 2.2, 
summarizing the main characteristics of various membrane processes, in which, 
typical permeability is for a typical permeate stream, i.e., with rejected species on 
the retentate side of the membrane. 
 
Table 2.2 Pressure driven membrane processes [85]. 
Membrane process  Typical pressure 
(bar) 
Typical 
permeability 
(l/(m2·h·bar) 
Morphology of the 
selective layer 
 
Microfiltration  
 
0.1-2 >50 Porous 
Ultrafiltration  1-5 10-50 Porous 
 
Nanofiltration  5-20 1.4-12 Porous/Dense 
 
Reverse Osmosis  10-100 0.05-1.4 Dense 
 
 
2.3.3.2 Electrospun microfiltration membranes 
 
According to the Baker’s definition: “Microfiltration refers to filtration 
process that use porous membranes to separate suspended particles with diameter 
between 0.1 and 10 µm” [70]. The electrospun nanofibers membranes could be 
good candidate for water microfiltration membrane due to these nanofibers 
membranes have a pore size distribution from sub-micron to micrometers. The 
viability of developing high surface area pre-filter through electrospinning has been 
explored by Gopal et al. [6]. Polysulfone nanofibers were electrospun into 
membranes and their ability to remove micro-particles from solution was 
investigated. The nanofiber membranes possess high porosity together with high 
surface area to produce high flux pre-filters with high loading capacity. The 
membranes had a bubble-point of 4.6 µm and were able to remove above 99% of 
10, 8, and 7 µm particles without any permanent fouling. However, the membranes 
were observed to foul irreversibly by 2 and 1 µm particles with a cake layer forming 
on the outer membrane surface. Below 1 µm, the membrane behaved as a depth 
filter with 0.5 and 0.1 µm particles being attracted onto the nanofiber surface. Such 
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nanofiber pre-filters could be used in various applications such as removal of 
microparticles from waste-water, prior to UF or NF. 
 
 
Figure 2.18 PSU electrospun membrane after particle–challenge (polystyre with 
paticle size ranging between 0.1 – 10 µm) test, a) & b) top surface, c) cross-section 
and d) bottom surface [6]. 
 
The filtration of PVDF electrospun nanofiber membranes were investigated 
by Gopal et al. [7] and Kaur et al. [86], their performances were compared with 
commercial microfiltration membrane. For filtration performance experiment of 
both membranes in equal conditions i.e., the similar pore size by heat-treating of 
proto- electrospun membrane [5] or by grafting with methacrylic acid on top layer of 
the electrospun membranes [86] in order to reduce its pore size to the range of the 
commercial microfiltration membrane. The results indicated an up two times higher 
flux for the PVDF electrospun membrane than commercial microfiltration membrane 
at the same pore size distribution and applied pressure and the rejection of PVDF 
electrospun membrane resulted more than 90% of the micro-particles from solution. 
The higher flux for PVDF electrospun membrane confirms the better performance 
and efficiency of the electrospun microfiltration membranes leading to lower energy 
consumption. Recently, Zhuang et al. [87] fabricated the PVDF nanofibers 
membrane by a new process so-called “solution blowing”. The nanofibers 
membranes were electrospun by this process exhibited the fiber diameter mostly of 
60 - 280 nm and the porosity of membrane of 95.8%. The microfiltration 
performance of the hot-pressed membrane showed retention ratio more than 90% 
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against 1.0, 5.0 and 10 µm particles and presented high pure water flux at low 
pressure. Meanwhile, a heat treated electrospun PAN nanofiber membrane for 
particle separation from water with average fiber diameter of 165 ± 16 nm, the 
porosity of 91.7%, pore size in the diameter range of less than 2 µm and specific 
surface area near 40 m2g-1was obtained by Bazargan et al. [88]. The PAN nanofiber 
membranes were post-heated treatment exhibited high performance such as the 
mechanical strength was 4.87 MPa with 23% elongation, the water permeability was 
225.6 kg/m2h and the contact angles were equal to zero. It can be concluded that 
the heat treated electrospun PAN nanofiber membrane was completely hydrophilic. 
For filtration efficiency, the membrane has high ability to remove more than 90% of 
microparticles in the range of 1-20 µm from water.  
In particular, the application of electrospun poly(ethylene terephthalate) 
nanofiber membrane for apple juice filtration was demonstrated by Veleirinho et al. 
[89]. Poly(ethylene terephthalate) nanofibers were electrospun into membranes as 
the average fiber diameter was 420 nm and the electrospinning process was 
performed until the membrane reaches the similar thickness to the ultrafiltration 
membrane of 0.20 mm. The PET nanofibers membranes showed a higher flux 
performance than commercial microfiltration or even ultrafiltration membrane. 
However, the apple juice was obtained from PET electrospun nanofibers membranes 
presented the better physic-chemical characteristic, i.e., more pronounced 
reduction of free sugars, decreasing the apple juice color, low protein content, 
comparable to the apple juice obtained by commercial microfiltration or by 
ultrafiltration membrane. Although the protein content of the apple juice was very 
low, however it will not be reduced the nutritional values of apple juice. On other 
hand, that can be useful to improve juice stability as well as reduce turbidity in apple 
juice. In additions, microfiltration membrane is also used for antibacterial filter 
application. Cooper et al. [90] reported the development of chitosan - 
polycaprolactone (PCL) nanofibers membranes. These membranes were prepared 
from PCL and chitosan content of 25, 50 and 75% and utilized the natural 
antibacterial property of chitosan for antibacterial water filtration. The performance 
of chitosan-PCL resulted the fiber diameter of 200 – 400 nm and 25% chitosan-PCL 
nanofiber membrane showed highest water flux of 6926 L/h/m2 with 100% removal 
of 300 nm particles, while the 25% chitosan-PCL nanofiber membrane exhibited a 
similar water flux to that of the PCL membrane (≈ 2756 L/h/m2). In a series of 
bacterial test, electrospun chitosan-PCL nanofibers membrane can be reduced 
Staphylococcus aureus adhesion compared to PCL nanofiber membranes.  
Because PES can be considered as a model membrane material as it is widely 
use for commercial MF and UF as well as its high chemical, thermal resistance and 
also its appropriate mechanical properties. The preparation polyethersulfone (PES) 
electrospun nanofiber membrane for MF applications had been reported by 
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Homaeeigohar et al. [91,92]. The membrane was electrospun from  20 wt% PES 
solution, which PES was dissolved in N,N-dimethylformamide (DMF), by using the 
electrospinning conditions i.e., applied voltage of 20 kV, feed rate of 0.5 ml/h, 
spinning distance of 25 cm, inner diameter of the needle of 0.8 mm and using PES 
nonwoven as substrate. Thereafter, a set of samples was heated in the oven at 
temperature of 190 °C for 6 h. and then the membrane was slowly cooled in the 
oven. The surface morphology of PES electrospun nanofibers membrane showed 
relatively smooth and no beads or even droplet and the image analysis gave the 
average fibres diameter of 260 nm. The membrane properties exhibited the 
thickness of 200 µm, areal density of 0.2 -0.3 g/cm2, mean flow pore diameter of 2 
µm. Moreover, in term of membrane performance, the water flux measurement 
indicated that the membrane possess a high initial flux while retention test with 
polystyrene suspension showed that the filtration efficiency of PES electrospun 
membrane was highly dependent on size distribution of  the suspended particles. 
When in feed was the particle over 1 µm in size, the rejection of the particles was 
performed within the first hour of the measurement with highly flux. On other hand, 
in case of a feed containing only nanoparticles, the rejection was accomplished 
within first hour as consequent of surface pore blocking and leading to the flux 
decreased. However, the PES electrospun membrane has potential to be used in 
pre-treatment of water or one step before UF and NF membranes. 
Separation of polystyrene micron to sub-micron particles from water of 
electrospun Nylon-6 nanofiber membranes were investigated by Aussawasathien et 
al. [100]. The electrospun Nylon-6 nanofiber membrane, which fiber diameter in 
range of 30 - 110 nm, membrane thickness of 0.15 mm, pore size of 6.0 µm, had 
separated all particle size from 10 µm down to 1 µm unless separation efficiency was 
about 90% for 0.5 µm. Nevertheless, at the smaller the particle size, the flux was low 
due to the particles were able to pack closely together on the membrane surface, so 
called “layer effect” and thereby reducing the effective pore size of electrospun 
membrane at the surface. Furthermore, this dense “cake layer” acted as the 
separation layer for electrospun membrane, leading to high filtration efficiency for 
high content of ultra-small particles and the fouling mainly occurred within the 
surface of electrospun membrane due to  the particles were mostly retained on the 
surface of the membrane. Therefore, electrospun Nylon-6 nanofiber membrane was 
able for using as pre-filters prior to ultrafiltration or nanofiltration to increase the 
filtration efficiency. In addition, the properties and performance of electrospun 
microfiltration membranes are summarized in Table 2.3. 
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Table 2.3 Properties and filtration performance of electrospun microfiltration 
membranes. 
Polymer Fiber 
diameter 
(nm) 
Pore 
size 
(µm) 
Thickness 
(µm) 
Permeability 
(l/m2.h.bar) 
Filtration 
performance 
(%) 
Particle 
size 
(µm) 
Ref. 
Nylon 6 30-110 6.0 150 9500 90 1.0 [100] 
PAN-PET 100 0.22 200 2189 97 0.5 [58] 
PCL-
Chitosan 
300 2.8 N.A. 17536 99 0.3 [90] 
PES 280 2.0 200 2080 98 1.0 [92] 
PET 420 2.5 N.A. N.A. 96 N.A. 
(apple 
juice) 
[89] 
PSU 470 ± 150 2.1 135 13333 94 1.0 [6] 
PVA 100 ± 19 0.21 100 23529 98 0.2 [103] 
PVDF 380 ± 106 4.1 300 4000 91 5.0 [7] 
 
 
2.3.3.3 Electrospun ultrafiltration membranes 
 
 Ultrafiltration is a filtration process discriminating a diverse range of 
particulates, such proteins, colloids, emulsions and viruses, as big as approximately 1 
to 100 nm in the liquid environment [3]. This implies that, in order to use 
electrospun nanofibers web directly for ultrafiltration, the pore size of the 
electrospun nanofibers web needs to be less than 0.1 µm. Although it is possible to 
produce electrospun nanofibers web with such small pore size, this is not a practical 
solution for ultrafiltration membranes due to the rapid fouling of these webs. The 
rapid fouling rate in neat nanofiber membranes leads to high replacement 
frequency, which in turn leads to increased cost [97].  
Conventional UF membranes are based on multi-layer composite structures 
[82,93], including an asymmetric porous membrane (see Figure 2.17) to give 
filtration functions and a nonwoven (fiber diameter of sub-micron) support to 
provide structure integrity and mechanical strength. Nevertheless, the porosity in 
these membranes usually results in a relatively low flux rate and high fouling 
tendency due to geometric structure of pore and the corresponding pore size 
distribution [94-96] and undesirable macro-void formation of pore across the 
membrane thickness [95,96]. 
Thereby, Yoon et al. [93] proposed a new concept to fabricated high flux UF 
membranes, involving to use of electrospun nanofiber membrane to replace the 
asymmetric porous membrane. Their demonstration system consists of a three-tier 
composite structure: (i) a non-porous  hydrophilic top-layer by coating chitosan, (ii) 
an PAN electrospun nanofiber membrane as mid layer and (iii) a conventional 
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polyester nonwoven microfiber as substrate support, the schematic structure of 
three-tier approach to fabricate high flux and low-fouling ultrafiltration membranes 
as presents in Figure 2.19. The membranes, which assembled of electrospun PAN 
nanofiber membrane with average fiber diameter from 124 to 720 nm and porosity 
of 70%, was coated a chitosan top layer with a thickness of 1 µm. The results 
showed that these membranes had higher flux than commercial nanofiltration 
membranes in 24 h of operation (e.g. NF 270 from Dow), while maintaining the same 
rejection efficiency, more than 99% for oily waste-water filtration. 
 
 
Figure 2.19 Schematic structure of three-layer approach to fabricate high flux and 
low-fouling for ultrafiltration membranes [82]. 
 
Wang et al. [27] prepared the hydrogel PVA in order to coat on top of 
nanofiber PVA scaffold. Results indicated that hydrogel PVA-PVA TFNC membrane 
exhibited a flux rate, more than 130 L/m2 h, significantly higher than commercial UF 
membranes but with similar filtration efficiency of 99% for oily waste-water 
filtration. In addition, the mechanical property before and after cross linking of 
hydrogel PVA of the electrospun scaffold fabricated by 96% hydrolyzed PVA with 
relatively high molecular weight in range of 85,000-124,000 g/mol exhibited the 
similar performance.  
A new kind of TFNC ultrafiltration membrane was developed by You et al. 
[98]. The TFNC membranes were used as an ultrafiltration membrane for oil/water 
emulsion separation at low feed pressure, which TFNC membrane consisted of a 
PVA thin hydrophilic barrier layer (thickness  of 0.5 µm), electrospray PVA nanofiber 
(fiber diameter of 250 nm) and using electrospun PAN nanofibers (fiber diameter of 
300 nm) as supporting substrate. The performance of PVA/PAN TFNC membrane 
resulted high flux (347 L/m2h) with high rejection rate (99.6% for oil/water emulsion 
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separation) at very low feed pressure (0.2 MPa). Tang et al. [99] reported that the 
water flux of the curing of UV-PVA barrier layer on cross-linked PVA electrospun 
nanofiber scaffold of TFNC membrane was 70 L/m2h with oil rejection during 
filtration of oil/water of 99.5% under the operation pressure of 0.21 MPa. It 
indicated that the performance of electrospray PVA/PAN TFNC membrane was 
better than the UV cured PVA TFNC membrane. Besides, the water flux of 
electrospray PVA/PAN TFNC membrane maintained at 309 L/m2h and kept the 
rejection of oil/water emulsion separation of 99.5% and good anti-fouling property 
after 12 h filtration treatment. Nevertheless, ultrafiltration membranes cannot be 
achieved from a layer of electrospun nanofiber. 
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Chapter 3 
Experimental 
  
37 
 
3. Experimental 
3.1 Materials and chemicals 
 
Commercial polyethersulfone (PES) (Ultrason E 6020 P) donated by BASF was 
used and dried at 120 °C for at least 4 hours before use and N-methyl-2-pyrrolidone 
(NMP) was purchased from Merck in order to prepare the electrospinning solutions. 
Nanoparticles base on silicon dioxide of 35 nm purchased from sigma-aldrich chemie 
GmbH were used for water filtration experimentation. In order to test air filtration, 
Di-Ethyl-Hexyl-Sebacat (DEHS) was purchased from Topas GmbH. Water purified 
with a milli-q system from millipore was used for all experiments. A polyethylene 
terephthalate nonwoven (Type, Novatexx 2429) served as the substrates donated by 
Freudenberg Filtration Technologies KG.   
 
3.2 Experiments 
3.2.1 Viscosity measurement 
 
 Polyethersulfone was dissolved in N-methyl-2-pyrrolidone at concentrations 
of 9%, 15% and 22% for 24 hours. The viscosity of the dope polymer solutions were 
measured with Anton Paar (Germany) model Physica MCR 301 digital rheometer. A 
CP25 – 2/TG cone-plate sensor was selected. The viscosity measurements as a 
function of the shear rate were performed at 25 °C. Each flow curve was obtained as 
an average of at least five measurements. 
 
3.2.2 Preparation of nanofiber membranes 
 
The electrospinning set-up was used for preparation of nanofiber 
membranes is shown in Figure 3.1. A power supply (model PNC 30000-40 UMP) was 
purchased from Heinzinger electronic GmbH. A solution pump (model KDS 100 ) was 
purchased from  K.D. Scientific Inc., Holliston, MA, USA. Omnifix® solo plastic syringe 
and a needle of inner diameter 0.8 mm were purchased from B.Braun GmbH. A tube 
(Tygon Inert SE-200, size 3.2 X 6.4 mm.) was purchased from Pro Liquid-Scan. A steel 
plate was used as the electrode collects the nanofiber membranes. 
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Figure 3.1 Experimental set-up for preparation of PES nanofiber membranes. 
 
The PES solutions were electrospun under processing conditions with an 
applied voltage of 8, 10, 12, 14, 15, 16, 18 and 30 kV, a spinneret-to-collector 
distance of 5, 10, 15 or 20 cm, a flow rate of solution of 20 µL/min, a spinneret 
diameter of 0.8 mm and stationary or moving substrate with a speed of substrates 
moving of 2.2 cm/min. Either aluminum foil or polyethylene terephthalate 
nonwoven served as the substrates. The environmental humidity was varied, i.e., 
50%, 65%, 70% and 80% RH. 
The proto-membranes formed by electrospinning were treated under two 
conditions, i.e., drying at room temperature for 24 hours before characterization of 
membrane and immersion into water as coagulation water bath for 30 minutes and 
then washed before drying. Thereafter, the nanofiber membranes were placed in an 
oven at 60 °C for 24 h for drying. 
 
3.2.3 Membranes characterization 
3.2.3.1 Morphology 
 
 The top surface and cross section morphology of the nanofiber membranes 
was observed by using a Quanta 400 FEG (FEI) environmental scanning electron 
microscope (ESEM) at standard high-vacuum conditions. A K550 sputter coater 
(Emitech, U.K.) was used in order to coat the outer surface of the sample with 
gold/palladium. At least five different locations were observed to obtain surface 
morphology as well as cross section for one membrane sample. 
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3.2.3.2 Fiber diameter 
 
The diameters of the fibers were determined by using an engage software 
program. At least five SEM pictures were used and the diameters of 100 fibers were 
measured and calculate the mean values for one condition nanofiber membrane. 
 
3.2.3.3 Membranes thickness 
 
 The membrane thickness was measured by Coolant Proof Micrometer IP 65, 
Mutico Co., Japan and at least five measurements from different nanofiber 
membrane samples were averaged. 
 
3.2.3.4 Porosity of membranes 
 
 The electrospun membranes maintained in distilled water was weighed after 
mopping superficial water with filter paper. The wet membrane was placed in an air-
circulating oven at 60 °C for 24 h and then further dried in a vacuum oven at 60 °C 
for 24 h before measuring the dry weight. From the two weights (wet sample weight 
and dry sample weight), the porosity of membrane was calculated using equation 
following: 
 
P (%) = [ (Q0 - Q1)/A.T ] x 100                                          (3.1) 
 
Where P is the porosity of membrane, Q0 the wet sample weight (g), Q1 the 
dry sample weight (g), A the square of membrane (cm2) and T is the thickness of 
membrane (cm). 
 
3.2.3.5 Basic weight 
 
 Due to the delicate handling and the compressibility of the membranes, 
conventional methods for weight determination as, e.g. standard textile tests, were 
expected to be not applicable. Instead, the basic weight was estimated using two 
approaches. In a first approach the weight was calculated from the total polymer 
mass deposited over the membrane area. The basic weight of electrospun 
membranes can then be calculated as follows: 
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Basic weight (mg/cm2) = ( m-dot . τ ) / A                               (3.2) 
Where   m-dot     =   mass flow (mg/min)     
τ   =   residence time (min) = size of membrane in the 
direction of substrate movement (cm) / speed of 
substrates (cm/min) 
    A       =   area (cm2) 
 
In a second approach to estimate the basic weight, the specific volume of 
fibers in a unit area (1 cm2) was calculated from the measured (mean) thickness, 
which was measured at five spots over the membrane area and averaged, and the 
porosity, which was determined as described in section 3.2.3.4. The basic weight is 
given by: 
 
Basic weight (mg/cm2)      =     A . T . ρ . (1 - P)                           (3.3)
            
 Where   A = unit area (1 cm2) 
    T = thickness (cm) 
    ρ = density of PES polymer (1.37 g/cm3) 
    P = porosity of membrane 
 
3.2.3.6 Pore size of membranes 
  
 Pore size of electrospun membranes was determined by liquid dewetting of 
membrane pores using the Capillary Flow Porometer CFP-34RTG8A-X-6-L4 (PMI Inc., 
Ithaca, NY, USA). Membrane samples with a diameter of 25 mm were characterized 
via the “Dry up / Wet up” method. For the “Wet up” part, the membranes were 
wetted with 1,1,2,3,3,3-hexafluoropropene Galwick). The maximum transmembrane 
pressure for the air flow measurements was 3 bar. The mean pore was estimated 
using the PMI software. 
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3.2.3.7 Mechanical property 
 
 Electrospun membranes were tested for tensile strength by using an Zwick 
Roell material testing instrument (Test Expert® II, Germany) with a 10 N load cell at 
25 °C and 65 ± 5% RH. The samples was cut, the size of samples was 2 cm of a width 
and a length of 10 cm. A cross-head speed of 50 mm/min was used and five samples 
were measured for each condition of electrospun membranes and then the mean 
values were calculated. 
 
3.2.3.8 Contact angle  
 
 Sessile drop static contact angle (CA) of electrospun membranes were 
determined by using an optical contact angle measurement system (OCA 15 Plus; 
Dataphysics GmbH, Filderstadt, Germany). The water of 5 µL was dropped on the 
electrospun membrane surface from a microsyringe with a stainless steel needle in 
room temperature approximately 21 ± 3 °C. In order to determine, at least five 
measurements of drops at different location were averaged to obtain CA for one 
membrane sample. 
 
3.2.4 Characterization of  membranes performance  
3.2.4.1 Gas permeability 
 
 Gas permeability of electrospun membranes were determined by using the 
Capillary Flow Porometer CFP-34RTG8A-X-6-L4 (PMI Inc., Ithaca, NY, USA). The 
maximum transmembrane pressure for the gas flow measurements was 3 bar, 
permeability of membranes were calculated by Darcy’s law such that; 
 
KD  = (µ.Q / A)(T / ∆p)                                                                                (3.4) 
  
Where KD is the permeability constant (m
2), µ  the gas viscosity (17.85 x 10-6 
kg m-1 s for N2 at 20 °C), Q the total volumetric flow rate (m
3/s), A the area of 
membranes samples (m2), T the thickness (m) and ∆p the pressure drop across 
membrane samples (Pa). 
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3.2.4.2 Air filtration (Aerosol collection efficiency) 
 
 Aerosol particles were produced from di-ethyl-hexyl-sebacat (DEHS) by a 
pneumatic aerosol generator. In this study, aerosol of 400, 600, 800 and 1000 nm in 
diameter were used. The concentration of aerosol particles was monitored with 
scanning mobility particle sizer (Welas 2000 with Sensor 2100 (Palas)) and the 
aerosol particles was feed through the electrospun membrane samples by Feeder 
(AGF 2.0 (Palas)). The flow velocity through the electrospun membrane samples was 
10 cm/s. The sample test area clamped in the holder exposed a circular diameter of 
150 mm to the aerosol stream.  The electrospun membranes were measured the 
upstream and downstream concentration of aerosol particles (DEHS), and then 
calculated the aerosol collection efficiency, E, of electrospun membranes using 
equation following: 
   
E = (Cp - Cf) / Cp                                                        (3.5) 
  
Where Cf is the concentration downstream of the filter test sample and Cp is 
the aerosol particle concentration upstream. 
  
3.2.4.3 Water flux 
 
 All electrospun membranes were characterized the water permeability by 
using a dead-end stirred cell filtration system (Amicon cell, model 8010) equipped 
with a reservoir (~450 mL) and pressurized by nitrogen from gas tank. The diameter 
of the membrane samples were 25 mm. Nanofiber membranes compaction were 
performed by filtration of pure water at 0.03 bar. The membranes were firstly 
compacted for at least 30 min. At least three measurements with the same pressure 
(0.03 bar) from different membrane sample were averaged for one membrane 
condition.  
 
3.2.4.4 Water filtration 
 
Silica nanoparticles of 35 nm were used for water filtration measurement. 
For preparation feed solution, a calibration curve was determined for each 
nanoparticles feed solution using Particlemetrix Stabisizer model 200CS. All the 
water filtration measurements were carried out using a dead-end stirred cell 
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filtration system connected to a reservoir and pressurized by nitrogen from gas tank 
at 0.1 bar. The flux of pure water was first determined, followed by separation of 
silica particles solution and feed solution concentration of 1.5 %. The stirring rate 
was 300 rpm. The separation flux was measured for every 5 cm3 of permeate 
collected. The separation experiment was stopped at 50 mL or cm3 of permeate was 
collected. The remaining nanoparticles solution was removed and the cell rinsed 
without removing the membrane. The cell was refilled the pure water and the water 
flux was determined again. Presence of any silica nanoparticles in permeate was 
detected with Particlemetrix Stabisizer model 200CS. The rejection (R, %) was 
determined using the formula following: 
 
R = (1 - Cp / Cf) x 100                                                                    (3.6) 
 
Where Cp and Cf are the silica solution concentration of permeate collected 
and the original solution feed, respectively. 
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Chapter 4 
Results and Discussion 
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4. Results and discussion 
 
The results in this work are shown in following parts: i. optimization of the 
nanofibers, ii.  optimization of the nanofiber membranes, iii. nanofiber membranes 
properties and iv. nanofiber membranes performance. 
 
4.1 Optimization of PES nanofibers 
 
The polyethersulfone solution was electrospun into nanofibers under 
investigation the influence of parameters on electrospinning process with the 
stationary substrate set-up. The PES nanofibers were firstly observed the 
morphology. Thereafter, the diameters of fibers were measured. 
 
4.1.1 Influence of polymer concentration 
 
Figure 4.1 shows the morphology of electrospun nanofiber membranes with 
variation of polymer concentration. 
 
 (a) 
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(b)    
 
(c) 
 
Figure 4.1 SEM images of nanofiber membranes from (a) 9% PES, (b) 15% PES and 
(c) 22% PES, in NMP using the conditions, i.e., a spinneret-to-collector distance of 
10 cm, an applied voltage of 30 kV, a flow rate of 20 µL/min,  a spinneret diameter of 
0.8 mm, stationary substrate set-up and PET nonwoven served as the  substrate. 
 
The influence of PES concentration on viscosity had been studied because 
this property is important for the behavior of the polymer solution in 
electrospinning (Table 4.1). 
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Table 4.1 Viscosities of PES solutions in NMP at room temperature. 
PES (%) Viscosity (Pa s) 
9 0.10 
15 0.53 
22 3.82 
 
Figure 4.1 shows SEM images of PES electrospun nanofiber membranes from 
different solutions, using the same processing conditions, with stationary substrate 
set-up and PET nonwoven served as the substrate. The solution with 22% PES in 
NMP can be electrospun into well-defined nanofiber membranes (cf. Figure 4.1(c)) 
and the image analyses gave a mean fiber diameter of 489 ± 142 nm. As shown in 
Figure 4.1 (a) and (b) for PES concentration of 9% and 15%, respectively, the overall 
morphology of the web obtained is changed from a fiber network into spherical 
particles connected by fibers with the decrease of the polymer concentration in the 
solution used for electrospinning. This coincides with the results of previous works in 
literature review [14-22,25-29]. 
 
The results could be explained in terms of the viscosity of the solution effect 
(cf. section 2.2.1.1).  As clearly seen in Table 4.1, it was presented that the viscosity 
of the 22% PES electrospinning solution (3.82 Pa s) was higher than those of 9% PES 
(0.10 Pa s) and 15% PES (0.53 Pa s) electrospinning solutions. However, increasing 
the polymer concentration led to increasing the viscosity of the polymer solution, an 
increased in the concentration results in greater polymer chain entanglements of 
the solution that is essential to maintain the continuity of the jet during 
electrospinning [15]. Furthermore, the chain entanglement of polymer had a 
significant impact on whether resultant jet breaks up into electrospun nanofibers 
[15,16]. 
 
4.1.2 Influence of spinneret-to-collector distance 
 
The nanofiber membranes surface morphology with variation of distance 
between spinneret-to-collector are presented in Figure 4.2 
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(a)       
 
(b) 
 
(c) 
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(d) 
 
Figure 4.2 SEM micrographs of nanofiber membranes obtained by electrospinning 
from 22% PES in NMP using the conditions, i.e., an applied voltage of 30 kV, a flow 
rate of 20 µL/min, a spinneret diameter of 0.8 mm, stationary substrate set-up and 
PET nonwoven served as the substrate, but with different distance between spinneret 
-to-collector: (a) 5 cm, (b) 10 cm, (c) 15 cm and (d) 20 cm. 
 
Figure 4.2 shows the SEM micrographs of nanofiber membranes obtained by 
electrospining from 22%PES in NMP by electrospinning, using same process 
conditions, with stationary substrate set-up and PET nonwoven served as the 
substrate, but with different spinneret-to-collector distance. For the nanofiber 
membranes which were electrospun at a distance of 5 cm, the overall morphology 
of fiber showed a thick ribbon shape and the surface of fiber was adhesive. The 
structure of the nanofiber membranes was a film-like. Homogeneous and regular 
fibers, without ribbon shape, were achieved when the distance between spinneret-
to-collector increased from 5 cm to 10 cm (cf. Figure 4.2 (b)). As shown in Figure 4.2 
(c) and (d) for distance between spinneret-to-collector of 15 cm and 20 cm 
respectively, the electrospun fibers seem to be closely jointed or even slightly fused 
together, when distance increased from 10 cm to 15 and 20 cm respectively. This 
means that the tip-to-collector distance affected the structure and morphology of 
electrospun fibers because of their influences complementing on the deposition 
time, evaporation rate of polymer solution and the electric field strength. For fibers 
to form, the electrospinning jet must have enough time for the evaporation of the 
solvent from polymer solution. Thereby, increasing the distance in electrospinning 
process resulted in a decrease of the average fiber diameter. Nevertheless, when 
the distance was too large resulted ribbon shaped morphology due to lower 
stretching force on the jet [41]. 
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4.1.3 Influence of substrate in electrospun nanofibers 
 
 The morphology of nanofiber membranes which were electrospun from the 
same PES solutions under identical conditions onto different substrates are shown in 
Figure 4.3 
 
(a)                          (b) 
 
Figure 4.3 SEM images of nanofiber membranes obtained by electrospinning from 
22% PES in NMP onto: (a) aluminum foil, and (b) PET nonwoven, as the substrates 
and using the conditions, i.e., a spinneret-to-collector distance of 10 cm, an applied 
voltage of 30 kV, a flow rate of 20 µL/min,  a spinneret diameter of 0.8 mm and with 
stationary substrate set-up. 
 
Figure 4.3 shows the SEM micrographs of nanofiber membranes obtained 
from solution of 22% PES in NMP by electrospinning using same processing 
conditions, the stationary substrate set-up, but with different substrates. Because 
the morphologies are identical, it can be concluded that these PES solutions can also 
be directly electrospun onto a porous PET nonwoven support which will enable the 
straight forward characterization of trans-membrane pore structure and filtration 
properties. 
 
4.1.4 Influence of parameters in process on membranes structure 
 
The photo of nanofiber membrane structure that was electrospun from the 
same PES solutions under identical conditions as in section 4.1.3 is presented in 
Figure 4.4. 
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Figure 4.4 Photo image of nanofiber membranes obtained by electrospining from 
22% PES in NMP using the conditions, i.e., a spinneret-to-collector distance of 10 
cm, an applied voltage of 30 kV, a flow rate of 20 µL/min, a spinneret diameter of 0.8 
mm, stationary substrate set-up and PET nonwoven served as the substrate. 
 
Figure 4.4 shows the photo image of nanofiber membranes structure 
obtained from solution of 22% PES in NMP by electrospinning using processing 
conditions with stationary substrate set-up. Although the overall morphology of 
nanofiber in membrane shows homogeneous and regular fibers (cf. Figure 4.3 (a)). 
Nevertheless, membrane structure result indicated a 3-dimensional fiber web and 
discontinuous membrane sheet on substrate. This is because of static electric field in 
process and high charge on the material. 
 
4.2 Optimization of PES nanofiber membranes 
 
 The 22% PES solution can be electrospun into well-defined nanofiber web by 
using the processing conditions, i.e., a spinneret-to-collector distance of 10 cm, an 
applied voltage of 30 kV, a flow rate of 20 µL/min, and a spinneret diameter of 0.8 
mm, with stationary substrate set-up and using PET nonwoven as substrate and 
image analyses gave a mean fiber diameter of 489 ± 142 nm but the resulting 
conditions lead to a 3-dimensional fiber web on the substrate (cf. Figure 4.4). 
Therefore, in this section a moving substrate was used and it will be investigated the 
influence of parameters such as humidity, electrical potential, spinneret-to-collector 
distance on electrospinning process in order to produce the homogeneous layer 
membrane sheet. The morphology of nanofiber membranes was firstly observed. 
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4.2.1 Influence of relative humidity in electrospinning process 
 
The nanofiber membranes were electrospun from 22% PES in NMP using 
same condition as before, but with different relative humidity conditions. The 
morphology of nanofiber membranes are presented in Figure 4.5. 
 
      (a)     
  
 
 
(b) 
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      (c) 
 
Figure 4.5 SEM images of nanofiber membranes obtained by electrospinning 
condition, i.e., a spinneret-to-collector distance of 10 cm, an applied voltage of 30 
kV, a flow rate of 20 µL/min, and a spinneret diameter of 0.8 mm, a speed of 
substrates moving of 2.2 cm/min and PET nonwoven served as the substrate but 
different relative humidity conditions: (a) 50%, (b) 65% and (c) 80%. 
 
 
Figure 4.5 shows the SEM micrographs of nanofiber membranes obtained 
from solution of 22% PES in NMP by electrospinning using processing conditions, 
where PET nonwoven served as the substrate. Optimum results were obtained, 
when the 22% PES solution was electrospun at a relative humidity of 65%. At higher 
humidity (>80%) resulted in irregular fiber formation, e.g., varying thickness, or even 
droplets. Low humidity yielded good fiber geometry; however, solidification 
appeared not to be finalized. This is assumed to be due to too little uptake of water 
in proto-membrane. Tang et al. [24], Medeiros et al. [42] and Wang et al. [43], 
reported that higher humidity led to increase the conductivity of this region 
between the tip and collector, therefore, changing the properties of the electric field 
strength in electospinning process due to the polarization of water molecules. 
Hence, the electrospun fiber became thick-diameter fiber due to weak electric field 
strength and smaller draw-down force at higher humidity. 
 
4.2.2 Influence of electrical potential in electrospinning process 
 
The nanofiber membranes surface and cross section morphology with 
variation of apply voltage are presented in Figure 4.6. 
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(a) 
 
(b) 
 
(c) 
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(d) 
 
Figure 4.6 SEM images of the nanofiber membranes surface and cross section with 
variation of applied voltage: (a) 8 kV, (b) 10 kV, (c) 15 kV and (d) 18 kV, using 
processing conditions, i.e., a spinneret-to-collector distance of 10 cm, a flow rate of 
20 µL/min, a spinneret diameter of 0.8 mm, 65% RH, a speed of substrates moving of 
2.2 cm/min and PET nonwoven served as the substrate. 
 
Nanofiber membranes surface morphology as well as cross-section structure, 
which were electrospun from solution of 22% PES in NMP by using a speed of 
substrates moving of 2.2 cm/min and PET nonwoven as the substrate, which were 
visualized by using SEM. The overall surface morphology of nanofiber membranes 
were electrospun with applied voltage of 8 kV resulted a beaded-fiber and thicker 
fiber as well as the nanofiber membranes were electrospun with applied voltage 
lower than 18 kV, as seen from the images in Figure 4.6 (a)-(c). However when the 
22% PES in NMP solution was electrospun at an applied voltage of 18 kV, it yielded  a 
more regular fiber formation (as shown in Figure 4.6 (d)). Nevertheless cross section 
images of all electrospun membrane revealed the super fine fibers in between the 
nanofibers. 
Fiber diameter data which was measured by using engage software program 
are summarized in Table 4.2. 
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Table 4.2 Fiber diameter of electrospun membranes with variation of applied voltage 
in process (note: the length of the membrane is 30 cm in all cases). 
Applied 
Voltage 
(kV) 
Diameter of fiber (nm) Avg. width of 
membranes 
(cm) 
Average Max Min 
 
8 
 
1047 ± 348 
 
2353 
 
598 
 
15  
10 2218 ± 1587 5858 534 15  
12 1039 ± 224 1635 470 15  
14 993 ± 264 1554 399 15  
15 992 ± 312 3142 598 15  
16 909 ± 236 2225 548 15  
18 875 ± 156 1179 400 15  
 
From Table 4.2 can be seen that the electrospun membranes which were 
prepared with an applied voltage of 18 kV exhibited the finest fiber diameter (875 
nm), when compared with nanofiber membranes that were prepared of lower 
applied voltage. As seen in Table 4.2, it indicated that decreasing of applied voltage 
could increase the diameter of fiber (cf. SEM, Figure 4.6). As the results, it was found 
that the diameter of electrospun fibers decreases with increasing electric field. 
These results accord with the results of Buchko et al. [14], Fong et al. [19] and Park 
et al. [39]. The thin nanofibers obtained in the electrospinning process are produced 
as a result of spiral motion and elongation of a polymer jet driven by stronger 
stretching force at higher electrical potential between the polymer solution in 
capillary and the collector. When the electrostatic force in the polymer jet become 
large enough to overcome the cohesive force within the jet, then the spiral motion 
and elongation of the polymer jet in process with higher electric field strength 
become more active, and consequently finer nanofibers are achieved [14,39]. 
 
4.2.3 Influence of spinneret-to-collector distance 
 
The surface morphology of electrospun membranes with variation distance 
between spinneret-to-collector are shown in Figure 4.7. 
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(a)               (b) 
 
(c)                         (d) 
 
Figure 4.7 SEM images of electrospun membranes using the process condition, i.e., 
an applied voltage of 18 kV, a flow rate of 20 µL/min, a spinneret diameter of  0.8 
mm and 65% RH, a speed of substrates moving of 2.2 cm/min and PET nonwoven 
served as the substrate but with variation of distance between spinneret-to-collector; 
(a) 10 cm, (b) 12 cm, (c) 14 cm and (d) 15 cm. 
 
Figure 4.7 shows the influences of variation distance between spinneret- to – 
collector on the PES electrospun membrane morphology, which were electrospun by 
using a speed of substrates moving of 2.2 cm/min and PET nonwoven served as the 
substrate. As clearly seen in Figure 4.7 (a), when 22% PES was electrospun at 10 cm 
resulted homogeneous and well-defined nanofiber membranes. From Figure 4.7 (b), 
a few bead fibers appeared when the distance between spinneret-to-collector was 
12 cm. Nevertheless at higher distance between spinneret-to-collector (14 and 15 
cm), beaded and thicker fiber were formed on structure of electrospun membranes 
(Figure 4.7 (b)-(d).  
In addition, fiber diameter data, which was measured by using engage 
software program, are summarized in Table 4.3. 
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Table 4.3 Fiber diameter of electrospun membranes with variation of distance 
between spinneret-to-collector in process (note: the length of the membrane is 30 cm 
in all cases). 
Distance 
(cm) 
Diameter of fibers (nm) Avg. width of 
membranes 
(cm) 
 
Average Max Min 
10 875 ± 156 1179 400 15  
12 896 ± 204 1342 579 17  
14 1010 ± 312 1987 468 18  
15 973 ± 334 1814 148 19  
 
Table 4.3 showed the influence of distance between spinneret-to-collector 
variations on the fiber diameter of electrospun membranes. It was seen that when 
membranes were electrospun at distance spinneret-to-collector of 10 cm led to 
lowest average fiber diameter, which the image analyses gave an average fiber 
diameter of 875 nm. Whereas the electrospun membranes were prepared at higher 
distance between spinneret-to-collector of 12, 14 and 15 cm, the image program 
analyses gave the average diameter of fiber of 896, 1010 and 973 nm, respectively. 
It can be concluded that decreasing of spinneret-to-collector distance leads to 
decreasing diameter of the fibers because of increasing electric field strength in 
electrospinning process due to stronger stretching force on the jet. Furthermore, 
increasing of spinneret-to-collector distance leads to increasing size of the 
electrospun membranes. The influences of variation distance between spinneret-to-
collector in process were discussed by many researchers (see section 2.2.3). 
 
4.2.4 Homogeneity of PES electrospun membranes 
 
The photo of electrospun membrane structure that was prepared from the 
22% PES solutions under the same conditions with a speed of substrates moving of 
2.2 cm/min, 65% RH and using PET nonwoven as substrate, is presented in Figure 
4.8. 
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Figure 4.8 Specimen of 22% PES electrospun membrane, which was prepared under 
conditions, i.e., an applied voltage of 18 kV, a spinneret-to-collector distance of 10 
cm, a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of substrates 
moving of 2.2 cm/min, 65% RH and using PET nonwoven as the substrate. 
 
As presented in Figure 4.8, when the 22% PES solution was electrospun 
membrane using a spinneret diameter of 0.8 mm, a speed of substrates moving of 
2.2 cm/min, 65% RH and served the PET nonwoven as the substrate yielded a more 
planar membrane compared to the membrane which was electrospun using same 
condition (cf. Figure 4.4), but with different applied voltage condition (30 kV). 
 
 
 
 
1 
4 
3 
2 
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(a)                         (b) 
 
(c)                         (d) 
 
Figure 4.9 SEM images and fiber diameter with different position on electrospun 
membranes obtained by using the same electrospinning condition as Figure before; 
(a) position 1, (b) position 2, (c) position 3 and (d) position 4. 
 
From SEM images of electrospun membranes which was obtained by using 
electrospinning  condition same as Figure 4.8, the overall surface morphology of all 
position on electrospun membranes resulted in good fiber geometry formation and 
the whole electrospun membrane looked uniform, e.g., without droplets, or even 
thicker fiber formation. Furthermore, the average fiber diameter showed the nearby 
values, which were ranging from 833-891 nm. Overall all data indicated that 
electrospun membranes were homogeneous. 
 
Average diameter of fiber of 860 ± 145 nm Average diameter of fiber of 833 ± 168 nm 
Average diameter of fiber of 891 ± 134 nm Average diameter of fiber of 879 ± 181 nm 
61 
 
4.2.5 Influence of post-treatment conditions on fiber surface of 
electrospun membranes 
 
The proto-membranes formed by electrospinning were treated under 
different conditions in order to investigate the influence of post-treatment 
conditions on surface morphology of membranes. The morphology of electrospun 
membranes are presented in Figure 4.10. 
(a)                            (b) 
 
Figure 4.10 SEM micrographs of nanofiber membranes obtained by electrospinning 
from 22% PES in NMP using an applied voltage of 18 kV, a spinneret-to-collector 
distance of 10 cm, a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed 
of substrates moving of 2.2 cm/min, 65% RH and using PET nonwoven as the 
substrate with different treatment conditions: (a) immersion in an aqueous 
coagulation bath and (b) drying at 65 ± 5% RH and 20 °C. 
 
Figure 4.10 shows the SEM micrographs of fiber surface obtained from 
solutions of 22% PES in NMP by electrospinning using same processing conditions 
but with different treatment conditions. It is clearly seen in Figure 4.10 (a) that the 
proto-membrane which had been treated by immersion into the water bath leads to 
a pronounced porosity on the fiber surface as compared to the another treatment 
condition (cf. Figure 4.10 (b)). It is assumed that this is due to a phase separation 
induced by the exchange of the residual solvent NMP in the proto-membrane with 
water in the aqueous coagulation bath, acting as non-solvent for PES.  
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4.3 Properties of PES electrospun membranes 
 
PES solutions were electrospun by using various conditions in the process. 
Thereafter, they were tested with respect to the properties such as thickness, 
porosity, basic weight, pore size, mechanical property and contact angle. 
 
4.3.1 Thickness of electrospun membrane 
 
The thickness of electrospun membranes are shown in Figure 4.11.  
 
 
Figure 4.11 Thickness of electrospun membranes by using the condition, a flow rate 
of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of substrates moving of 2.2 
cm/min, 65% RH and using PET nonwoven as the substrate with different applied 
voltage and distance between a spinneret-to-collector in process. 
 
As clearly seen in Figure 4.11, the thickness of electrospun membranes 
tended to decrease slightly when the applied voltage and distance between 
spinneret-to-collector in process increased.  
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4.3.2 Porosity of electrospun membranes 
 
The calculated porosity of electrospun membranes are summarized in Figure 
4.12. 
 
 
Figure 4.12 Porosity of electrospun membranes by preparing under conditions,  a 
flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of substrates moving 
of 2.2 cm/min, 65% RH and using PET nonwoven as the substrate but with varying 
applied voltage and distance between spinneret-to-collector in electrospinning 
process. 
 
Figure 4.12 showed the porosity of electrospun membranes at varied applied 
voltage and distance between spinneret-to-collector. The porosities of electrospun 
membranes are high for membranes prepared by high applied voltage and at low 
spinneret-to-collector distance. The electrospun membranes were prepared with an 
applied voltage of 18 kV presented the highest porosity of 93%, when compared 
with electrospun membranes that were prepared of lower applied voltage. It can be 
explained that increasing of applied voltage could decrease the diameter of fiber 
and then led to decreasing mean pore size of membranes (cf. Figure 4.6 and Figure 
4.16). From these phenomenon led to increasing porosity of electrospun 
membranes (cf. Figure 5.13). 
Figure 4.12 also showed the effect of distance between spinneret-to-
collector variations on porosity of electrospun membranes. The calculated results 
showed that when membranes were electrospun at distance spinneret-to-collector 
of 10 cm led to highest porosity of electrospun membrane of 93%. While the 
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electrospun membranes were prepared at higher distance between spinneret-to-
collector, the porosity was slightly decreased. As the result, it was found that the 
porosity of electrospun membranes decreased with increasing distance between 
spinneret-to-collector. Correlating these results with the mean pore size as well as 
fiber diameter (cf. 4.2.3) of the electrospun membranes in Figure 4.13, it clearly 
indicated that the mean pore size is the crucial parameter to determining the 
porosity of the electrospun membranes. Increasing of mean pore size leads to 
decreasing porosity of electrospun membranes [cf. 105, 106]. 
 
 
Figure 4.13 Correlation between mean pore size with porosity of electrospun 
membranes tunable by preparation conditions. 
 
4.3.3 Basic weight of electrospun membranes 
 
 Since spinning parameters were found to have an effect on membrane size, 
thickness and porosity, it was important to try and establish the basic weight, which 
is a major parameter of a membrane. The delicate handling and problematic sample 
preparation, the basic weight was not measured but estimated on the basic of other 
process or sample parameters. Two different approaches for this calculation were 
chosen (cf. 3.2.3.5). Based on the mass flow during spinning and the spinning time, 
the total maximum mass spread over the membrane area was calculated and 
related to the membrane area. The calculated basic weight of electrospun 
membranes are presented in Table 4.4 and Figure 4.14. 
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The data in Table 4.4 shows that area increased with increasing spinneret-to-
collector, whereas thickness and basic weight decreased. This is logic, as the same 
amount of polymer has to cover an increasing area or size of membrane; hence the 
(mean) thickness decreases. The model assumes a uniform deposition of fiber over 
the area. This simple assumption obviously does not relate to the actual geometry of 
the membrane, where the thickness changes across the membrane roughly 
according to a Gaussian shape. 
 
Table 4.4 Correlation between area and thickness with basic weight of electrospun 
membranes tunable by preparations condition (note: the length of the membrane is 
30 cm in all cases). 
Distance 
spinneret-to-collector 
(cm) 
Width of membrane 
(cm) 
Thickness 
(µm) 
Basic weight 
(mg/cm2) 
10 15  205 0.169 
12 17  180 0.149 
14 18  163 0.141 
15 19  122 0.134 
 
The influence of varying distance between spinneret-to-collector and applied 
voltage on the calculated basic weight of electrospun membrane is shown in Figure 
4.14. It can be seen that when membranes were electrospun at distance spinneret-
to-collector of 10 cm led to highest basic weight of 0.169 mg/cm2. Moreover, it was 
found that the basic weight of electrospun membranes decreased with increasing 
distance between spinneret-to-collector. While the electrospun membranes with 
varying of applied voltage showed similar the calculated basic weight. 
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Figure 4.14  Calculated basic weight of electrospun membranes by using the 
condition, a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of 
substrates moving of 2.2 cm/min, 65% RH  and using PET nonwoven as the substrate 
with different applied voltage and distance between a spinneret-to-collector in 
process. 
 
In a second approach to estimate the basic weight, the specific volume of 
fibers in a unit area (1 cm2) was calculated from the measured (mean) thickness and 
the porosity, which was determined in section 3.2.3.5 (cf. eq. 3.3). The basic weight 
was then calculated using the PES density of 1.37 g/cm3. The resulting numbers are 
given in Table 4.5. 
 
Table 4.5 Correlation between thickness and porosity with basic weight of 
electrospun membranes tunable by preparations condition. 
Distance 
spinneret-to-collector 
(cm) 
Thickness 
(µm) 
Porosity 
(%) 
Basic weight 
(mg/cm2) 
10 205 93 1.9 
12 180 88 3.0 
14 163 85 3.3 
15 122 75 4.1 
 
 It is clearly seen that there is no agreement the basic weight calculated by 
the two models. The actual values differ by one order of magnitude, and the 
estimated weight follows an opposing trend in dependence on distance between 
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spinneret-to-collector. In order to judge the significance of both models (see eq. 3.2 
and 3.3), several aspects shall be discussed. 
 First, it has to be noted that in the above calculations, the thickness was an 
average value derived from multiple measurements over the whole membrane, the 
stated porosity (cf. Table 4.5) characterizes the central area of the membrane. This is 
due to the necessary size of the samples for the determination of the porosity in the 
chosen way. Again, one has to point out that at least the membrane thickness is not 
constant and varies from edge to central area to edge. It may be assumed that the 
stated porosity will not be significant for the edge portions of the membrane. 
 Second, if we make use of the weight values derived from mass flow and as 
stated in Table 4.4 to calculate membrane porosity using eq. 3.3, we obtain 
porosities of the order of 99% for all of four samples. 
 Third, typical porosities of technical textiles and nonwovens made of micro-
fibers with diameter of 5 µm and larger area of the order of 90%. Given this 
background, it is reasonable to assume far higher porosities for nanofibrous 
membranes, whereas values like 85 or 75% as given in Table 4.5 are highly unlikely. 
 It has to be concluded that the basic weight value in Table 4.4 are quite 
representative, but also that the chosen way to characterize porosity (cf. 3.2.3.4) 
may be doubtful in the case of these specific samples. 
 
4.3.4 Mean pore size of electrospun membranes 
 
The mean pore size of the electrospun membranes is a factor for 
determining the filtration performance of the membranes. Basically, smaller pore 
size leads to higher aerosol collection efficiency or particle separation efficiency, 
both of which are the most critical performance criteria of air filtration and water 
filtration, respectively [30]. The measured mean pore sizes are presented in Figure 
4.15 and the correlation between diameters of nanofibers with mean pore size of 
electrospun membranes tunable by preparations condition is shown in Figure 4.16. 
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Figure 4.15 Effect of varying applied voltage and distance between spinneret- to- 
collector in electrospinning process on the mean pore size of electrospun membranes 
by preparing under conditions with a flow rate of 20 µL/min, a spinneret diameter of 
0.8 mm, a speed of substrates moving of 2.2 cm/min, 65% RH  and using PET 
nonwoven as the substrate. 
 
It can be seen in Figure 4.15 that increasing applied voltage and decreasing 
distance in the electrospinning process leads to decreasing mean pore size of 
membranes. The mean pore size of electrospun membranes by preparing at high 
applied voltage is lower than electrospun membranes by preparing at low applied 
voltage. The electrospun membranes were prepared with an applied voltage of 18 
kV exhibited the pore size of 1.7 µm, when compared with nanofiber membranes 
were prepared of lower applied voltage. As seen in Figure 4.15, it indicated that 
increasing of applied voltage could decrease the diameter of fiber (cf. Table 4.2) and 
hence mean pore size of membranes decrease (cf. Figure 4.16).  
The influence of varying distance between spinneret- to- collector on the 
mean pore size of electrospun membranes also is shown in Figure 4.15. It was seen 
that when membranes were electrospun at distance spinneret-to-collector of 10 cm 
led to lowest mean pore size of 1.7 µm. Besides, it found that the mean pore size of 
electrospun membranes increased with increasing distance between spinneret-to- 
collector. Correlating these results with the fiber diameter of the electrospun 
membranes in Figure 4.16, it could be seen that the fiber diameter is the crucial 
parameter to determining the mean pore size of the electrospun membranes. 
Increasing of fibers diameter leads to increasing mean pore size of electrospun 
membranes. This result was similar to the results of Park et al. [39]. 
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Figure 4.16 Correlation between diameters of nanofibers with mean pore size of 
electrospun membranes tunable by preparations condition. 
 
4.3.5 Mechanical property of electrospun membranes 
 
The electrospun membranes were tested for their tensile strength and 
elongation at break. The results are reported in Table 4.6. 
 
Table  4.6  Tensile strength and elongation at break of electrospun membranes which 
were prepared under conditions, a spinneret-to-collector distance of 10 cm, a flow 
rate of 20 µL/min, and a spinneret diameter of 0.8 mm, a speed of substrates moving 
of 2.2 cm/min, 65% RH and using PET nonwoven as the substrate but with variation 
of applied voltage in electrospinning process. 
Applied 
voltage  
(kV) 
Porosity  
(%) 
Thickness 
(µm) 
Fiber 
diameter 
(nm) 
Tensile 
Strength (N) 
Elongation 
(%) 
14 88 228 993 6.9 ± 1.0 7.2 ± 1.7 
16 91 218 909 4.7 ± 1.3 7.9 ± 1.8 
18 93 205 875 4.6 ± 1.2 14.8 ± 1.2 
 
The tensile strength and elongation at break properties testing results of 
electrospun membrane samples preparing under the conditions but with variation of 
applied voltage are shown in Table 4.6. It was found that tensile strength of 
electrospun membrane that was prepared by an applied voltage of 14 kV exhibited 
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the highest tensile strength (6.9 N), when compared with the electrospun 
membranes prepared under applied voltage of 16 and 18 kV (4.7 and 4.6 N, 
respectively). While, the elongation at break showed an increasing trend. However, 
the relations between the porosity and tensile strength of electrospun membranes 
also are shown in Table 4.6. It indicated that the tensile strength of electrospun 
membranes decreased with increasing porosity as well as decreasing fiber diameter 
and membrane thickness.   
 
4.3.6 Contact angle of electrospun membranes 
 
Sessile water drop static contact angle (CA) of electrospun membranes are 
presented in Figure 4.17. 
 
 
Figure 4.17 Contact angles of membranes by preparing under electrospinning 
conditions, a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of 
substrates moving of 2.2 cm/min, 65% RH and using PET nonwoven as the substrate 
but with varying applied voltage and distance between spinneret-to- collector. 
 
As clearly seen in Figure 4.17, all membranes prepared as electrospun 
nanofiber-web shows similar and high contact angle. The contact angles of 
electrospun membranes are ranging from 102° to 112°, while the typical nonporous 
PES film has ≈70° [4]. The observed high CA of the electrospun nanofiber 
membranes in comparison with that of the nonporous PES film should be a result of 
the surface roughness that is introduced multiple contacting points on the water 
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surface such that the interface area between the water droplet and the nanofiber 
membranes surface becomes smaller. However, correlation of contact angle of 
rough surfaces relation to the normal smooth surface have been proposed by using 
contact angle model for explanation regarding those phenomenon, which the well 
known is the Cassie-Baxter’s model. The assumption of the Cassie-Baxter’s model 
(see Figure 4.18) is when measuring contact angle on the highly rough surface such 
as a hydrophobic electrospun nanofiber membrane, the liquid drop is rested upon a 
composite surface of polymer fiber and air gaps between them [cf. 107,108]. This 
could be also explained because the PES electrospun membrane had high surface 
porosity (see Figure 4.6 and 4.7). 
 
 
Figure 4.18 Schematic of the Cassie-Baxter’s model. 
 
4.4 Performance of PES electrospun membranes 
4.4.1 Gas permeability 
 
Gas permeability of electrospun membranes are summarized in Figure 4.19. 
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Figure 4.19 N2 gas permeability of PES electrospun membranes prepared by using 
conditions, a spinneret-to-collector distance of 10 cm, a flow rate of 20 µL/min, a 
spinneret diameter of 0.8 mm, 65% RH, a speed of substrates moving of 2.2 cm/min 
and using PET nonwoven as the substrate, but with variation applied voltage in 
process. 
 
Gas flow through electrospun membranes could be explained with the 
theory that assumes that porous media is a bundle of cylindrical tubes passing from 
one surface of the membranes to the other surface, and not necessarily 
perpendicular to the surface [84]. Figure 4.19 showed that increasing applied 
voltage led to decreased gas permeability of electrospun membranes. It is to be 
noted here that there is a close relationship between the applied voltage and fiber 
diameter and also mean pore size of membranes. As the diameter of electrospun 
fibers decreases with increasing electric field, hence the mean pore size also 
decreases. Consequently, the mean pore size has affected the gas permeability that 
decreasing of mean pore size leads to decreasing gas permeability of electrospun 
membranes as well (see Figure 4.20). In addition, decreasing of thickness (see Figure 
4.11) and increasing of porosity (see Figure 4.12) also lead to decreased gas 
permeability of electrospun membranes. 
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Figure 4.20 Correlation between mean pore size with N2 gas permeability of 
electrospun membranes tunable by preparations condition. 
 
4.4.2 Air filtration performance 
 
The air filtration data of PES electrospun membranes are presented in Figure 
4.21. 
 
 
Figure 4.21 Aerosol (DEHS) collection efficiency of electrospun nanofiber prepared 
by using conditions, a spinneret-to-collector distance of 10 cm, a flow rate of 20 
µL/min, a spinneret diameter of 0.8 mm, a speed of substrates moving of 2.2 cm/min, 
65% RH and using PET nonwoven as the substrate, but with variation applied 
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voltage, compared  with commercial nonwoven (Novatexx 2429) at average  pressure 
drop of 350 Pa. 
 
The efficiency of the DEHS particles collection (in the size-range from 400 – 
1000 nm) passing through the 4 layers commercial nonwoven (Novatexx 2429) with 
pore size of 8 µm and thickness of 150 µm and a single electrospun membrane with 
the backing layers, i.e. nonwoven-electrospun nanofiber-nonwoven, are shown in 
Figure 4.21. The aerosol (DEHS) filtration performance of electrospun nanofiber web 
was much greater than that of the 4 layers commercial nonwoven. This, the 4 layers 
commercial nonwoven is able to reject the DEHS nano particles only about 25% of 
400 nm, 35% of 600 nm, 48% of 800 nm and 60% of 1000 nm. While, the 
electrospun nanofiber, with the highest applied voltage of 18 kV (pore size 1.7 µm), 
is able to reject the DEHS nano particles more than 70% of 400 nm, 85% of 600 nm, 
90% of 800 nm and 98% of 1000 nm. This result clearly demonstrated the potential 
of electrospun nanofiber in the development of filter material against aerosol 
nanoparticles. However, Figure 4.21 also shows that aerosol (DEHS) collection 
efficiency of electrospun nanofiber is dependent of the applied voltage in the 
process, that the electrospun nanofiber prepared by applying higher voltage has 
higher aerosol rejection than electrospun nanofiber prepared with lower voltage. It 
should be noted that the electrical potential makes a pore size significant influence 
on the aerosol (DEHS) collection efficiency of electrospun nanofiber. These results 
can be also explained by using the diameter of fiber and the mean pore size data. 
Reduced diameter of nanofibers led to decreasing mean pore size of electrospun 
filter (cf. Figure 4.16). In addition, increased fiber diameter web also induces 
increased specific surface area of the web, which enables the probability of particle 
deposition on the fiber surface to be increased [39]. Moreover, the mechanisms of 
particles removal are captured by the large particles are blocked on the filter surface 
due to the sieve effect and the particles which are smaller than the surface-pores 
would penetrate into the nanofibers filter, as collected by fibers, via either 
interception or impaction, or static electrical attraction. Therefore, very fine 
particles could be collected due to the Brownian motion effect [5,39,58]. 
 
4.4.3 Water flux 
 
 The PES electrospun membranes were tested in the water filtration to check 
the performance. Water flux is summarized in Figure 4.22. 
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Figure 4.22 Water flux of PES electrospun membranes prepared by  using conditions, 
a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of substrates 
moving of 2.2 cm/min, 65% RH  and using PET nonwoven as the substrate with 
variation applied voltage and distance between spinneret-to-collector  in process. 
 
According to the water flux profile shown in Figure 4.22, the electrospun 
membranes prepared by applying higher voltage have lower flux than membranes 
prepared with lower voltage. At the applied voltage of 8 kV, the water flux was very 
high at 212 L/m2 h. As the applied voltage in process was increased from 10 kV to 18 
kV, the water flux of the electrospun PES membrane was decreased from 175 to 90 
L/m2 h. This can be explained in term of the decreased pore size of the electrospun 
PES membrane.  
Figure 4.22 also showed the water flux profile of PES electrospun membranes 
prepared by variation of distance between spinneret-to-collector in process. It was 
seen that the electrospun membranes prepared by increasing distance between 
spinneret-to-collector leads to increasing water flux of membranes, when 
membranes were electrospun at distance spinneret-to-collector of 15 cm led to 
highest water flux (183 L/m2 h). Whereas, the water flux of electrospun membranes 
reduced from 183 to 94 L/m2 h, when the distance between spinneret-to-collector 
was decreased from 14 cm to 10 cm.  
The mean pore size of the electrospun PES membrane, (cf. Figure 4.15), by 
preparing at high applied voltage is lower than electrospun membranes by preparing 
at low applied voltage.  Furthermore, the result in Figure 4.15, it was found that the 
mean pore size of electrospun membranes increased with increasing distance 
between spinneret-to-collector. Correlating these results between mean pore size 
with water flux of electrospun membranes are shown in Figure 4.23, it could be 
explained that the mean pore size of electrospun membranes are the crucial 
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parameter to measuring the water flux of the electrospun membranes, that is 
decreasing of mean pore size leads to decreasing water flux of electrospun 
membranes. Similarly, such a performance has been reported by other researchers 
[5,6,86-109]. 
 
 
Figure 4.23 Correlation between mean pore size with water flux of electrospun 
membranes tunable by preparations condition. 
 
4.4.4 Water filtration performance 
 
Figure 4.24 shows filtrate flux during the measurement of rejection efficiency 
with silica nanoparticles (size 35 nm) and feed solution concentration of 1.5 %wt/v. 
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Figure 4.24  Filtrate flux during the measurement of rejection efficiency with silica 
nanoparticles (size 35 nm) for PES electrospun membranes by using conditions, 
applied voltage of 18 kV, a spinneret-to-collector distance of 10 cm, a flow rate of 20 
µL/min, a spinneret diameter of 0.8 mm, a speed of substrates moving of 2.2 cm/min, 
65% RH  and served the PET nonwoven as the substrate, compared  with commercial 
membrane ( PES 12F Membrana). 
 
As clearly seen in Figure 4.24, the fluxes through the commercial membrane 
(PES 12F) dropped very rapidly in the beginning of filtration for silica nanoparticles. 
The filtrate fluxes of commercial membrane (PES 12F Membrana) were much 
smaller than the filtrate fluxes of PES electrospun membrane. It should be noted 
that the mean pore size (1 µm) and porosity (65%) of the commercial membrane 
were smaller than PES electrospun membrane. However, the filtrate fluxes of 
varying layer of PES electrospun membrane were in the following order: ESM 1 layer 
> ESM 2 layers > ESM 3 layers. This indicated that the thickness of electrospun 
membrane increased, lower flux was obtained. Such phenomenon had been 
observed in the previous reported literature [95]. The 3 layers electrospun 
membrane also showed the longest filtration time to reach the value of 200  L/m2 h 
at 0.1 bar (120 min) compared to the 2 layers (90 min), 1 layer (80 min) of 
electrospun membrane and commercial membrane (50 min), respectively.  
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Figure 4.25 Rejection tests of membranes investigated by measuring three retention 
values, for the first, the second and the third of 5 ml permeate. 
 
In general, rejection data presented in Figure 4.25 show that the PES 
electrospun membranes had the higher particles rejection than PES commercial 
membrane. Besides, the rejections of electrospun membranes were well above 90%, 
while commercial membrane rejected the nanoparticles of 85% at the first 
measuring retention. This implies that the PES electrospun membranes were 
successful in rejecting these nanoparticles. However, the rejection of varying layer of 
PES electrospun membrane was in the following order: ESM 3 layers > ESM 2 layers 
> ESM 1 layer. At the end of rejection experiment run, the PES electrospun 
membranes exhibited the rejection above 98%. Because of the nanoparticles are 
small, they were able to pack closely together, reducing the effective pore size of the 
electrospun membrane significantly at the surface. This dense “cake layer” acted as 
the separating layer for the electrospun membrane. However similar phenomenon is 
found in many previously reported works [5,6,100]. 
Furthermore, the water flux profile before and after silica nanoparticles 
separation is shown in Figure 4.26. 
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Figure 4.26 Pure water flux of membranes before and after silica nanoparticles 
separation. 
 
Overall, PES electrospun membrane showed greater water flux than 
commercial membrane both before and after separation. The layer increase leads to 
decreasing water flux of electrospun membranes. Importantly, it is clearly shown 
that the water flux before particles separation of all membrane was higher than the 
water flux after particles separation. As the nanoparticles were small, they were able 
to pack closely together giving a so-called “layer effect”, and hence reducing the 
effective pore size of electrospun membrane after particles separation. 
Consequently, the water flux of electrospun membrane after particles separation 
would result in lower flux. Moreover, as the data shows in Table 4.7, it indicated that 
PES electrospun membranes, which were achieved in this work, are competitive 
with a state-of-art of microfiltration membranes with similar pore diameter.  
Table 4.7 Properties and filtration performance of PES electrospun membranes by 
using conditions, applied voltage of 18 kV, a spinneret-to-collector distance of 10 cm, 
a flow rate of 20 µL/min, a spinneret diameter of 0.8 mm, a speed of substrates 
moving of 2.2 cm/min, 65% RH and served the PET nonwoven as substrate, 
compared to commercial membrane (PES 12F Membrana) and other electrospun 
membranes in literature review. 
Polymer Fiber 
diameter 
(nm) 
Pore size 
(µm) 
Thickness 
(µm) 
Permeability 
(l/m2.h.bar) 
Filtration 
performance  
(%) 
Particle 
size 
(µm) 
Ref. 
PES 875 1.7 205 18860 98 0.035 this work 
PES 12F  (film) 1 110 10000 85 0.035 this work 
PES 280 2.0 200 2080 98 1.0 [92] 
PSU 470 ± 150 2.1 135 13333 94 1.0 [6] 
PVDF 380 ± 106 4.1 300 4000 91 5.0 [7] 
PAN-PET 100 0.22 200 2189 97 0.5 [58] 
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Chapter 5 
Conclusions and Outlook 
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5. Conclusions and outlook 
5.1 Conclusions 
 
 Through this work, nanofiber membranes were produced from 
polyethersulfone (PES) by means of electrospinning process. The effect of 5 
processing variables, including polymer concentration, applied voltage, spinneret-to-
collector distance, substrate and humidity, were thoroughly investigated. The first 
results demonstrated that with a voltage of 30 kV, a spinneret-to-collector distance 
of 10 cm and a PES solution concentration of 22%, the formation of uniform 
nanofibers without any beads could be achieved in a stationary substrate set-up. 
Remaining process parameters were constant with a flow rate of 20 µL/min and a 
spinneret diameter of 0.8 mm. A PET nonwoven served as the substrate. Electrospun 
nanofibers with fiber diameter as small as 489 nm were produced.  
The ambient humidity proved to be of major importance, which can be 
explained by its influence on solvent evaporation. In contrast to other polymer 
systems, the optimum electrospinning conditions were given at a high humidity of 
the order of 65% RH. 
Actual nanofiber membranes could be manufactured by electrospinning PES 
on moving substrates as, e.g., PET nonwoven. Compared to the stationary 
experiment, the spinning conditions had to be further adapted to produce fibers of 
constant diameter. Namely, the voltage had to be decreased further.  Typical 
spinning conditions were a voltage of 18 kV and a spinneret-to-collector distance of 
10 cm. Under these spinning conditions, electrospun membranes with a mean fiber 
diameter of 875 ± 156 nm, a thickness of 205 µm and a calculated basic weight of 
0.169 mg/cm2 were obtained. The mean pore size was found to be 1.7 µm, and a 
porosity of 93% was determined by water emersion test. The tensile strength of the 
membrane was 4.6 N and contact angles in excess of ≈102°.  
By variation of voltage and distance the characteristics of the membranes 
could be controlled to a certain degree. 
Filtration membrane properties, such as N2 gas flow and the efficiency of the 
DEHS particles collection (in the size-range from 400 – 1000 nm) as well as the pure 
water flux, the filtrate flux and rejection of 35 nm silica nanoparticles were 
investigated.  
With regard to air filtration, it was found that the PES electrospun 
membranes, which were prepared by increasing applied voltage, showed decreasing 
N2 gas permeability with decreasing mean pore size. Besides, the aerosol (DEHS in 
the size-range from 400 – 1000 nm) filtration performance of PES electrospun 
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nanofiber web was much greater than that of the 4 layers commercial nonwoven 
with pore size of 8 µm (Novatexx 2429). This result clearly demonstrated the 
potential of electrospun nanofiber in the development of filter material against 
nano-sized particles and aerosols. 
Water flux of the electrospun membranes can be controlled by the spinning 
conditions. Membranes prepared with higher voltage have lower flux than 
membranes prepared with lower voltage. The electrospun membranes, which were 
prepared at an increased distance between spinneret-to-collector, exhibited high 
water flux. Both effects can easily be explained by the influence on the spinning 
parameters onto pore size. The filtrate fluxes of PES commercial membrane with 
pore size of 1 µm (12F Membrana) was much smaller than the filtrate fluxes of all 
investigated PES electrospun membranes. Overall, PES electrospun membrane 
showed greater water flux than commercial membrane (12F Membrana) both 
before and after silica nanoparticles of 35 nm. In spite of their rather large pore sizes 
and the high water flux, the PES electrospun membranes had the higher particles 
rejection than PES commercial membrane (12F Membrana). At the first retention 
measurement, the rejection of PES electrospun membranes was well above 90%, 
while PES commercial membrane (12F Membrana) rejected the silica nanoparticles 
by 85%. Moreover, the PES electrospun membranes exhibited the rejection above 
98% at the end of rejection experiment run. It can be concluded from these results 
that electrospun nanofiber PES membranes can be used in various applications such 
as removal of nano or micro-particles from waste-water, e.g., pre-filters to minimize 
contaminations and fouling prior to UF or NF. In summary, the results suggest that 
PES electrospun nanofiber membranes are excellent materials for high flux MF 
applications. 
 
5.2 Outlook 
 
Generally, high performance MF membranes can be made from PES but the 
main limitation of this material is that it is prone to fouling due to its relatively 
hydrophobic character (cf. section 4.3.6). Therefore, membrane modification is 
usually done to increase the membrane resistance towards fouling.  Common 
methods used to manufacture low fouling membranes are blending membrane 
polymer with hydrophilic additive (e.g., PVP). Moreover, polymeric additives (usually 
hydrophilic polymers) in a casting solution are also used in order to increase both 
pore size and porosity (performing agent) and to suppress macrovoid formation and 
increases membrane hydrophilicity.   
 
83 
 
 
Figure 5.1 Morphology of electrospun membrane prepared from 22% PES with 5% 
Pluronic, using the processing condition, i.e.,  an applied voltage of 18 kV, a flow 
rate of 20 µL/min, a spinneret-to-collector distance of 10 cm, a spinneret diameter of 
0.8 mm, moving speed of substrate of 2.2 min/cm, 65%  RH  and PET nonwoven 
served as the substrate. 
 
 A first experiment in this direction conducted  as a proof of principle was 
performed in the further work of this research. 5% Pluronic (31R1) was added to a 
standard spinning solution and spun under same conditions as before. The result 
from SEM images (Figure 5.1) of the electrospun 22% PES and 5% Pluronic 
nanofibers membrane using the same processing condition as before and PET 
nonwoven served as substrate, exhibited in irregular fiber formation and the 
diameter of fibers were varying thickness. These results could be explained in term 
of the viscosity of the solution effect (cf. section 2.2.1.1). When the processing 
conditions, i.e., an applied voltage, a flow rate and a spinneret-to-collector distance, 
are varied and the resulting fiber diameter becomes into nano range. Then, the 
electrospun membranes would be expected to improve the wetability and filtration 
performance. Therefore, this work is worth continuous research. 
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Appendix-1 
List of Abbreviations 
 
 
µL  microlitre 
µm  micrometer 
Avg  average 
DEHS  di-ethyl-hexyl-sebacat 
DMF  dimethylformamide 
ESM  electrospun membrane 
HEPA  high efficiency particulate air 
kV   kilovolts 
MF   microfiltration 
N2  nitrogen 
NF  nanofiltration 
nm  nanometer 
NMP  n-methyl-2-pyrrolidone 
Pa s  pascal-second 
PAN  polyacrylonitrile 
PCL  polycaprolactone 
PDLA  polylactic acid 
PEO  polyethylene oxide 
PES  polyethersulfone 
PET  polyethylene terephthalate 
PLLA  poly-L-lactide acid 
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PS  polystyrene 
PSU  polysulfone 
PU  polyurethane 
PVA   polyvinyl alcohol 
PVC  polyvinyl chloride 
PVDF   polyvinylidene fluoride 
RH  relative humidity 
SEM  scanning electron microscope 
St  stokes number 
TFNC  thin film nanocomposite 
Tg  glass-transition temperature 
THF  tetrahydrofuran 
Tm  melting temperature  
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2009   Aachen- Dresden International Textile Conference, Aachen, Germany 
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